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ABSTRACT

This report documents work carried out in the Materials Research Laboratory of The

Pennsylvania State University on the third and final year of the program on "Piezoelectric

and Electrostrlctive Materials for Transducers Applications" sl • sored by the 01; e of Naval

Research (ONR) under grand No. N00014-89-J- 1689. Tli. ,,rirks lie termination of a very long

and highly pr-dictive scq||cnc'" of contracts and grants focusing on the development of new

materials for l'iczoelcctric and Elcetrostrictive transducer applications carried through under

core ONR funding. Fortunately many elements of the work will be continuing on a new

Uliversity Research Initiative (URI) program under ONR sponsorship.

Highlights of the past year's activities Include: ', increased emphasis uj,,I, the

flextensional (moonie) type actuators, modeling both the nemal stress distribution as a

function of geom-fry. and the , -y interesting resonant mode structure of the composites A

more refined focuLs upon the performance of piezoelectric ceramic transducers, particularly

under high drive levels is developing with concern for the extrinsic domain and phase

boundary contributions to response. Measurement and modelling are being used to explol c the

nonlinearity and the frequency response and to examine the phase partitioning at the

rhombohedral : tetragonal inorph ipic phase boundary in the PZT system. Phenomena

limiting lifetime In polarl7'ition and phase switching actuators are being explored to separate

surface and volume effects and those due to grain size and flaw population differences. New

work has been Initiated to examine Acoustic Emission as a technique, in combination with

Barkhausen current pulse analysis, to separate and evaluate domain switching and

microcracking in polarization switching systems.

From work on this plogra|| it has now become clear that the relaxor ferroelectrics are

in fact close analogues of the magnetic spin glasses, so that the spin glass formalism can be

used to explain the very wide range of dielectric, elistic and electrostrictive properties. The

remaining outstanding fundamental problem Is that of the detal.'d interrelationship between

the known nano-heterogeneity in the structure and chemh. "nd the nanopolar regions

which contribute the electrical response.

Of very high practical interest is the manner in which the relaxor can be field biased

into extremely strong piezoelectric itsponse. Work is going forwaird to examine this response

in detail and to explore the possibility that such "super-respons: .:an be Induced by chemical

Isolid solution) means.

Processing studies have focused upon new lower temperature consolidations for

relaxors. and upon new conpositions for high temperature piezoelectric ceramics.

in parallel with the ONR Transducer Program the Laboratory has extensive DARPA

sponsored research on ferroelectric thin films. Since the films structures frequently involve

materials like the PZT. PMN : PT. PLT and PIZT families of " ,,iposltions and do explore

piezoelectric effects and applications, a small group of the most relevant papers form this

program are appended to the report.
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Distribution Functions of Coexisting Phases in a

Complete Solid Solution System

Wenwu Cao and L. Eric Cross

Materials Research Laboratory

The Pennsylvania State University

University Park, PA 16802

Keywords: Phase coexistence, Lead zirconate titanate,PZT, Solid solution, Solubility gap,

Morphotropic phase boundary.

In the phase diagram of a binary system one often encounters a compositional region in

which two phases coexist. A common practice is to use the Lever Ruie to describe the

distributions of the two coexisting phases. However, if the binary system is a complete solid

solution system, the Lever Rule is in conflict with thermodynamic principles. A new type of

distributions have been derived for a solid solution system without solubility gap. Applications of

the theory to pure and modified lead zirconate-lead titanate (PZT) systems show excellent

agreement with the experimental data. Several disputed facts about PZT are also explained

satisfactorily.



i. INTRODUCTION

A general phase diagram of a binary system A-B is given in figure I(a). There are one

liquid phase L and two solid solutions x and y. A and B are completely miscible in the liquid

phase, but in the solid phase, there is a solubility gap in which the two solid solutions cc and y

coexist. At temperature TI, the molar percentages, fa and fy, of the two coexisting phases are

governed by the Lever Rule

fa: f7 = xh: gx,
fQ+ fy = I 1

The two special points g and h on the isothermal tieline at T = T1 represent the boundaries of the

solubility gap. The corresponding free energy versus composition plot is shown in figure I(b).

One can see that the two boundary compositions are located at the minima of the free energies for

the x and I phases. For compositions falling inside this solubility gap, two phase mixtures will be

formed consisting of g and h compositions, and the ratio of the two phases obeying the Lever

Rule.

Figure 1(c) is another type of phase diagram for a A-B binary compound. Looking at the

subsolidus region we have three solid solutions, P, x and y. This is a complete solid solution

system, viz., no miscibility gaps and no solubility gaps. However, there is a structural phase

transition from 0 to either a or y phase depending on the composition of the solid solution. The

well known lead zirconate titanate (PZT) and its derivatives are examples of this situation. From

thermodynamics there should be no coexistence of the az and y phases, which may be understood

from the free energy plot in figure 1(c) at temperature T = TI. We can see that both free energies

for the ct and y phases are monotonic functions of composition, there is one cross over point k

which is termed the morphotropic phase boundary (MPB). From energy minimization principle

only one phase is stable for a given composition. However, when the transition temperature is

reasonably high and the phase transition is of second order, thermal energy could induce some

2



amount of second phase at the transition if the two free energies are relatively parallel near the

cross over point. In other words, phase coexistence can also occur for the situation shown in

figure I(c). In fact, such coexistence has been observed in the PZT system.

One must note that the phase mixing are completely different in the cases of figure I(a) and

of figure 1(c). In the former we mix two phases of different structures and of different chemical

compositions but in the latter we mix two structures of the same chemical composition. Because

the different chemical compositions in the former case, the conservation of matter leads to the

Lever Rule. but for the case in figure 1(c), the distribution functions cannot be obtained

staightforwardly and there is no reason for the two coexisting phases to obey the Lever Rule.

A new approach is proposed for the situation in figure 1(c) when the structural phase

transition from [1 to cx or y is of second order. 1.2 The proposed theory is applicable to the PZT

system because the phase transitions for solid solutions of composition near the MPB are indeed

second order.3 In what follows we briefly describe the proposed model and give two example to

show the good agreement between theory and experiments.

I1. THEORY

In order to visualize the concept we look at a hypothesized 2-d problem of a complete solid

solution system AC-BC. The high temperature phase is a nonferroelectric square phase as shown

in figure 2(a) and the two low temperature phases are rectangular and oblique ferroelectric phases

as shown in figures 2(b) and 2(c) respectively. The phase diagram in the subsolidus region is

given in figure 1(d). We call the starting point of the morphotropic phase boundary the eutectoid

point.

Assume the phase transition at the eutectoid point is second order, strong thermal

fluctuations will occur near the transition temperature T¢. Below Tc the system will be locked into

one of the low temperature phases. The probabilities of going from the square to the rectangular or

oblique phases are predetermined in the fluctuating state. This situation is depicted in figure 3.

3
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Figure 2 Illustration of 2-dimensional square-rectangular and square-oblique structural

phase transitions in a complete solid solution AC-BC. (a), (b) and (c) are the lattice

structures for the paraelectric square, ferroelectric rectangular and ferroelectric

oblique phases respectively. (d) is the corresponding phase diagram.
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The profile of the fluctuating state near Tc and the final low temperature states are shown in figures

3(a) and 3(b), respectively in the order parameter space. The thicker line in figure 3(a) illustrates

the profile for the case of square - rectangular transition [near BC region in figure 2(d)] and the

thinner line is for the case of square - oblique transition [near AC region in figure 2(d)]. Near the

MPB composition, the profile of the fluctuation will look like the outer rim of the pattern in figure

3(a).

There is a link between the situations described in figure 3(a) and figure 3(b). which

becomes apparent if we assume that the thermal fluctuations are orientational ergodic. Thus the

probability of attaining a particular low temperature state in figure 3(b) while on cooling from the

fluctuating state figure 3(a) is proportional to the effective angle it occupies in the fluctuating state.

A polygon may be constructed to calculate the effective angle of each low temperature state in the

2-d problem. This concept can be easily generalized to a 3-dimensional case for which the

probability of attaining a low temperature state is proportional to the effective solid angle that low

temperature state occupies in the fluctuating state. A polyhedron may be constructed in the order

parameter space in order to calculate these effective solid angles, we name it the probability

polyhedron.(1.2)

The solid angle calculations may be carried out on the surface of the polyhedron. Due to

the relatively high symmetry of the problem we only need to derive a general formula for one right

triangle surface as shown in figure 4, the solid angle is given by

f J(p 2 + a2)3/2  (2)

,,ABC

where ds is the area element on the surface ofdABC and p is the distance of this area element

from point A. The integration may be conventionally carried out using cylindrical coordinates

6
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Figure 3 (a) Thermal fluctuation profile at the Eutectoid point in the order parameter

space for the 2-dimensional problem described in Figure 2.

(b) Degenerate low temperature states for the morphotropic phase boundary

composition. The solid circles are for the rectangular phase and the open

circles are for the oblique phase respectively.
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DOAC = aO Pd - + a -arc cos (hp) pdp

J (p2 + a2) 3 2 Jh (a2 + p 2) 3/

I t 1 - 2 cos o (h/a)2

* + (h/a) 2  (3)

According to classical statistics when coexisting phases are not energetically degenerate, the

probability of attaining the ith low temperature state and hence the solid angle Qlj in our problem is

proportional to exp ( 'lrGh) ,where Gi and Gh are the free energies of the ith low temperature

phase and the high temperature phase respectively. Because the solid angle subtended by a given

surface area with respect to a given point in space is inversely proportional to the square of the

distance between the surface and that point, we may write the distance variable ri in the following

form

ri __oc expGi - Gh
.2~c !"(4)

For the PZT system the probability polyhedron is given in figure 5. From eq. (4) we have

Pr * rR unless GT = GR. In order to calculate the distributions of nondegenerate states, we define

a distribution anisotropy parameter 8.

=rT - rR =iexp(R- G).rT ( W,

Using the general formula eq. (3) the distribution functions fT and fR in terms of this single

pazraeter 8 can be obtained for the polyhedron in figure 5:

9



Figure 5 Probability polyhedron for complete solid solution systems with coexisting

rhombohedral and tetragonal phases, such as PZT.
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6 aJcsin [2 -f<8< I -
2

2 [(1 - 8)- 1] 2 1\ arcsin(-<8

(6)

fR= I -fT. (7)

At the MPB we have GT = GR and 8 = 0, so that the molar ratio of the rhombohedral and

tetragonal phases becomes:

iCWCIl - 1.45
T 6 arcsin(3 - (8)

The system we have discussed above refers to a single domain system. A ceramic can be

treated as an ensemble of domains, therefore the probability functions fR and fr also represent the

molar fractions of rhombohedral and tetragonal phases in a ceramic system. Thus, using eq. (8)

one may determine the MPB composition from x-ray diffraction intensity measurements.

m. COMPARISON WITH EXPERIMENTS

The difference of the two energy densities may be expanded around the MPB composition

x0:

gR-gT= (GR-"Gr)= 6 C(X-xo .
n.t (10)

11



where v is the volume of an element in a statistical ensemble. Looking at figure I(d) one f'mds that

eq. (10) may be well represented by a linear function near xo,

gR -gT = (tX (x -xo). (11)

Now let us examine the probability polyhedron in figure 5 more carefully, when

rR'> T3 rT' the six representative surfaces for the tetragonal phase will meet each other to form a

cube, which implies that only tetragonal phase can be formed. Vice versa, where rR < - rT the
cue

representative surfaces of the rhombohedral phase will form a closed octahedron so that only

rhombohedral phase can be formed. This restricts the 8 values in the following range:

1(12)

Using this relation and eqs.(5) and (11) we can drive the width of the coexistence region2 ,

x = 2kTC W
OLt V (13)

An important conclusion can be drawn from eq. (13): The width and the boundary compositions

of the coexistence region are not well defined in a complete solid solution system , they depend on

the volume v of the statistical elements, for instance the domain size in a ceramic system. This fact

marks the physical difference between the phase coexistence inside a solubility gap and near the

MPB of a complete solid solution [see figures 1(a) and l(c)].

Substituting eq.(13) into eq.(l 1) we can rewrite eq. (5) to the following form

8=1 expi(x x.)in3l
"x (14)

12



The parameters xO and Ax may be fitted from experimental data using eqs. (14) and (6) [or (7)].

Two examples are given below to demonstrate the procedures.

It is known from experience that the coexistence region in pure PZT system is very

narrow. Therefore, due to the limitations of x-ray resolution it is difficult to obtain a reliable molar

ratio of the rhombohedral and tetragonal phases from x-ray measurements. However, when small

amounts of dopants are added to the PZT system, the coexistence region usually becomes wider

and the diffraction peaks become relatively easier to be separated from each other. The data points

in figure 6 were measured by Hanh, Uchino and Nomura4 on the solid solution system 0.1 Pb0 ,9

K0 .1 (Znl/3 Nb/)O2,95 - (0.9 - x) PBZrO3 - xPbTiO3. [Note the compositional variable x refers

to the mole percent of PbZrO3 in reference 4 but refers to the mole percent of PbTiQ3 in this

paper, all data points have been converted accordingly.] The squares and circles are the molar

fractions of the rhombohedral and tetragonal phases respectively. The authors of ref. 4 have fitted

their experimental data to the Lever Rule, which are shown in figures 6 as the solid curves, the two

edge compositions are xI = 0.45 and x2 = 0.57. Although it appears that the fitting is reasonably

good for these limited data points, the kinks at xI and x2 are in contradiction with the nature of a

complete solid solution system. As mentioned above, the two edge compositions in the Lever

Rule actually define a solubility gap. One cannot explain the physical meaning of these two edge

compositions for a complete solid solution system. The dotted curves are fitted using the theory

presented in this paper, the two fined parameters are xo = 0.5027 and Ax = 0.2066. We can see

that the fittings are surprisingly good, all the data points are almost exactly on the curves! More

importantly, the kinks have been smoothed out, which makes the current theory more consistent

with the nature of complete solid solution system than the Lever Rule.

In comparison the width obtained from the current theory, Ax = 0.2066, is wider than that

given by the Lever Rule x2 - XI = 0.12. Both theories agree reasonable well if the second phase

has more than 20%, but they deviate severely from each other near the edges of the coexistence

13



region. In practice, the long tails in our theory may be difficult to be observed because the x-Ray

technique cannot detect the existence of a second phase if it is less than a few percent. The

resolution would be even worse if the diffraction peaks of the two coexisting phases are closely

located. For this reason we give a useful relation to estimate the width parameter Ax,

Ax = 18.87 (Xm - ,(15)

where x0 is the MPB composition at which fR:fT = 60:40, and xm is the equal fraction

composition at which fR:fT = 50:50. These two compositions can be easily obtained from

experiments and are indicated in figure 6.

Unlike the Lever Rule, the distribution functions eqs. (6) and (7) are asymmetric with

respect to the equal fraction composition xm, one may notice this point by looking at the dotted

curves in figure 6. This asymmetric feature has been verified by experiments in other systems, for

example the experimental results of Ari-Gur and Benguigui5 for the PZT solid solution system

(figure 7). One can clearly see this asymmetry from their data. Although it seems that some

experimental errors might have occurred because the MPB composition has been shifted further to

the rhombohedral side (which might be caused by the presence of impurities in their chemicals),

the data can still be well fitted using eqs. (6) and (7). The two fitted parameters are x0 = 0.4212,

Ax = 0.2554.

IV. SUMMARY AND CONCLUSIONS

The distribution functions have been derived for the coexisting phases near the

morphotropic phase boundary in a complete binary solid solution system. It is shown that the

phase coexistence near the MPB in a complete solid solution is different from the phase

coexistence inside a solubility gap. The latter has two special compositions x 1 and x2 specifying

the edges of a solubility gap, and the distribution inside the gap can be described by the Lever Rule.

14
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Figure 6 Molar fractions fR and Fr of the rhombohedfai and tetragonal phases inside the

coexistence compositional region for O.lPbog9Ko.j(Znf/3Nb2/) 2 .9 5 - (0.9 - x)

PbZrO3 - xPbTiO3 solid solution. The squares and circles are experimental data

from ref. 4, the solid curves were fitted using the lever rule and the dotted curves

were fitted using the current theory.
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the PZT system and the fiting curves using the current theory.
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While for the former, only the MPB composition x. is well defined, the width of the coexisting

region is inversely proportional to the volume of individual element in a statistical ensemble.

Contrary to the customarily used criterion for the MPB, i.e., fR:fT = 1:1, the ratio should be

roughly given by fR:fT = 3:2 from our theory, which agrees with the MPB determined from

dielectric measurements. Superior to the Lever Rule, the current theory does not give those kinks

in the distribution functions, therefore is more consistent with the nature of a complete solid

solution system. The distribution functions eqs. (6) and (7) are asymmetric with respect to the

middle point xm, which is another major difference between the current theory and the Lever Rule.

Experimental results show that this asymmetry indeed exist. In addition to the surprisingly good

agreement between the theory and the available experimental data, the current theory also provides

a reasonable explanation to the controversy regarding the width of the coexistence region in the

PZT system. A well defined width can not exist in a complete solid solution system because Ax

is inversely proportional to the domain volume, and the domain size depends very strongly on the

ceramic processing procedures.
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ABSTRACT

A spin-glass-like model for the relaxor ferroelectric has been developed. The

glassy behavior is shown to be reflected in the dielectric, polarization, and

electromechanical responses. The glassy behavior is believed to arise due to

correlations, both dipolar and quadrupolar, between superparaelectric sized

moments.

The complex susceptibility was measured over the frequency range of 102 to

107 Hz. The frequency dispersion of the temperature of the permittivity maximum

was modelled with the Vogel-Fulcher relationship, predicting a characteristic

freezing temperature which coincided with the collapse of a stable remanent

polarization. The imaginary component was also found to be nearly frequency

independent below this temperature, phenomenologically scaling to the Vogel-

Fulcher relationship. The relaxation time distribution was then calculated by

analogy to spin-glasses, and shown to extend from microscopic to macroscopic

periods near freezing reflecting the onset of nonergodicity. The deviation from

Curie-Weiss behavior was also investigated. At high temperatures, the dielectric

stiffness was found to follow the Curie-Weiss relationship. A local (glassy) order

parameter was calculated from the deviation at lower temperatures, by analogy to

spin-glasses. The dependence of the complex susceptibility on an applied electric

field and the degree of chemical long range ordering was then investigated using

these techniques.

The remanent polarization was investigated for various electrical and thermal

histories. The field-cooled and zero-field-cooled behaviors were both studied. The

magnitude of both polarizations was found to be equal above a critical temperature.

A macroscopic polarization developed under bias in the zero-field-cooled state, with

the temperature of the maximum charging current decreasing with increasing bias.



iv

This decrease was modelled using the deAlmedia-Thouless relationship, which

predicted an average moment size freezing of approximately 3x10 - 25 C-cm. The

time dependence of the remanent polarization was also investigated. The square-to-

slim-loop hysteresis transition, measured using a standard Sawyer-Tower circuit,

was phenomenologically modelled by modifying Neel's equation for the

magnetization of a superparamagnet to a similar relationship for a superparaelectric.

A temperature dependent internal dipole field was included to account for

correlations. The slim loop polarization curves were also found to scale to E/(T-Tf).

The electromechanical behavior was investigated using a nonlinear internal

friction technique. The linear elastic response was found to stiffen at all bias levels

with the maximum electroelastic coupling occurring near the Vogel-Fulcher freezing

temperature. A strong frequency dependence of the kinetics of the anelastic

relaxation was found at low measurement frequencies. These data are compared to

recent high frequency results. The existence of an inhomogeneous internal strain

was found from the line broadening of the (220) and (321) diffraction peaks. On

application of an electrical field the internal strain is relieved by the development of

a macrostrain which is shown to be the electrostrictive strain. Strong elastic

nonlinearities, both an elastic softening and hardening under stress, have also been

observed. These results are interpreted as a stress activation of the internal

deformation process.
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AasTRACT
The dielectric spectroscopy of lead magnesium niobate relaxor ferroelectrics has

been investigated over the frequency range of 102 to 10' Hz. The imaginary
component was found to become nearly frequency independent below a freezing
temperature, and scaled to a phenomenological equation involving the Vogel-
Fulcher relationship. The absorption and Cole-Cole plots were found to become
very broad near this freezing temperature. The relaxation time distribution was
subsequently calculated by analogy to spin and dipolar glasses. A strong
broadening of the distribution was found in the vicinity of the freezing temperature.
It is proposed that this deviation from Debye behaviour is a result of the
development of correlations between polar moments leading to the onset of non-
ergodicity near freezing.

§ 1. INTRODUCTIoN
Lead magnesium niobate (PMN) is a relaxor ferroelectric, In the zero-field-cooled

(ZFC) state, relaxors are characterized by a relaxational process typical of a classic
dielectric relaxator, and by the lack of macroscopic polarization and anisotropy. Burns
and Dacol (1983, 1986) have shown that a local polarization exists in the ZFC state to
temperatures much higher than that at which a remanent polarization can be
sustained. In the field-cooled (FC) state relaxation is not observed (Viehland, Jang,
Wuttig, and Cross 1991), and the system is able to sustain a macroscopic polarization
below a critical temperature which is significantly lower than the radio frequency
permittivity maxima. Smolenski and Agranovskya (1960) originally proposed that
underlying the relaxor behaviour is a chemical inhomogeneity on the B-site cation,
leading to a spatially varying composition with local Curie temperatures. Randall and
Bhalla (1990) and Chen, Chan, and Harmer (1989) have recently shown that in PMN
there is a partitioning on the nanometer scale into chemically homogeneous clust:,rs. It
is currently believed that it is the scale of this process which underlies the relaxor
behaviour. Cross has suggested that local ferroelectric phase transitions may occur
inside these individual chemical regions (Cross 1987) The size of these moments is such
that their orientations may be thermally agitated, analogous to superparamagnetism
(Neel 1949).

Kersten, Rost, and Schmidt (1983) have shown that the dielectric relaxation is
Debye-like at temperatures significantly above the temperature of the permittivity
maximum (T..,J Yushin, Smimova, Dorogortsev, Smirnov and Galyamov (1987) have
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recently found a broadening of the relaxation time distribution near T,,, unlike a
Debye process. Kirolov and Isupov (1973) have analysed the frequency dispersion of
T,. with the Debye relationship obtaining an activation energy and pre-exponential
factor of 7eV and 10tos -1, respectively. Cross et al. have recently analysed the
frequency dispersion of T., with the Vogel-Fulcher relationship (Viehland, Jang,
Wuttig and Cross 1990) analogous to spin glasses (Tholence 1979, 1980) obtaining an
activation energy and pre-exponential factor of 004eV and 1012 s-1, respectively.
Cross et al. found that the freezing temperature (T) coincided with the temperature at
which a stable remanent polarization can be sustained. A dipole glass model for
relaxors was subsequently proposed (Viehland, Jang, Li, Wuttig, and Cross 1991), with
local dipole fields between superparaclectric moments leading to the development of a
frustration below the freezing temperature.

The magnetic and dielectric relaxations of spin and dipolar glasses are believed to
undergo freezing, due to frustrated interactions (Edwards and Anderson 1975),
(Kirkpatrick and Sherrington 1978), and random fields (Morgownik and Mydosh
1981), (Nozav, Sechovsky and Kambersky 1987). The magnetic absorption and
Argrand plots are known to become broad near T (Huser, Wenger, vanDuyneveldt
and Mydosh 1983). It is believed that on cooling through T, the relaxation-time
distribution strongly broadens, extending from microscopic to macroscopic time
periods. The broadening is believed to be due to the onset of non-ergodicity above the
freezing temperature. It is the purpose of this work to investigate the dielectric
dispersion of PMN around the freezing temperature, and compare the results to spin
and dipolar glasses.

§2. Ex amAENTAL PROCEDURE
The samples used in the study were PMN single crystals. The crystals were grown

by a flux method as described by Setter (1980). They were orientated along the (100)
direction, were of dimensions 02 cm x 0 I cm x 008 cm, and were electroded with gold.

The dielectric constant was measured as a function of frequency (av) between 450
and 150 K at a cooling rate of 4C min - .The frequencies used were 102, 103, 10, 10s,
10', and 10' Hz. The measurements were made using HP4275A and 4274A LCR
meters. The dielectric curve for each frequency was smoothed and interpolated to
determine the temperature of the permittivity maximum (TJ as accurately as
possible. The remanent polarization was also measured for comparison using a
standard pyroelectric technique.

§ 3. RestnL AND DScuUioN
The complex susceptibility, ; - Y - ix", is shown in fig. I (a) and (b) for various

measurement frequencies. The real component (z') had a maximum of approximately
22000 at 260 K for a measurement frequency of 100 Hz, and the imaginary part (X') had
a maximum of approximately 1200 at 250 K. It should be noted that the inflection point
of y" corresponds in temperature to the maximum X'. The quantity Zn was essentially
frequency independent below 230 K, indicative of a freezing into a glassy state. The
value of f seemingly extrapolated to zero near 0 K, unlike the metallic spin glasses
(Mulder vanDuneveldt 1982) whose absorption extrapolates to approximately 60%
and of its maximum. At lower temperatures the dispersion ofr was significantly less,
but was observed at much lower temperatures than for;(.

The strong decrease in the frequency dispersion off" below 230 K suggests that the
data can be scaled by approximating f" (Tw) as h(T)R(u) following Courtens (1984),
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(a) The dielectric permittivity (j() of PMN as a function of temperature for measurement
frequencies of 102, 10, 0', 106, and I0' Hz. The top curve is the lowest frequency
and the bottom the highest. (b) The imaginary part of the dielectric response (z') as a
function of temperature for measurement frequencies of 10, I, I(, 10Os, 10', and
107 Hz. The bottom curve is the lowest frequency and the top the highest. (c) Ax'/A log (W)
as a function of temperatu

where h(T) and R(u) describe the frozen and dynamic contributions respectively, and

&(, 7) is a scaling variable. The function R(u) is given by eqn. 1

R(u)=J[l + tanh(u)], (1)
where

and where d is a constant in units of eV- 1, and E, is a cutoff energy in units of eV. The
value of E can be approximated by the Vogel-Fulcher relationship
T = -o exp [Elk(T - T)] (Vogel 1921, Fulcher 1924), where llro is the Debye frequency
and T a freezing temperature. At lower temperatures R(u) is approximately 1, and Z'
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(T,w)=hI(T). At higher temperatures R(u) decreases approaching zero; consequently
X"(T,w)=0. At intermediate temperatures, R(u) varies as a function of frequency (W
= I/4) as given by the Vogel-Fulcher relationship. The functional dependence of h(T)
was empirically determined from low temperatures (T<23CK) by an exponential
fitting, c1 exp(c2 T). The modelling was done using a Levenberg-Marquardt fitting,
solving for d, E, and T. The values of c, and c2 were held constant during the fitting,
and to was assumed to be I x 10-12s as previously reported (Viehland et al. 1990).
Minimum variance (-2r/) was obtained for d, E,, and T equal to 58"89eV - ',
0-0764 eV, and 220-33 K respectively. The phenomenological model is shown alongside
the experimental data in fig. 2 (a). Reasonable agreement can be seen. The function R(u)
is shown in fig. 2 (b) for various measurement frequencies. The data scales quite readily
with (E - E) over a wide range of frequencies.

The value of T was also estimated by modelling the dispersion of T with the
Vogel-Fulcher relationship for comparison. Minimum variance was obtained for 1I/to,
T and E. equal to 10 2s- 1, 217-7 K, and 0-0786eV respectively. The values of E. and T
are in close agreement with those of E, and T as determined from the modelling of X"
using eqn. I. The fitting of the data is shown in fig. 3(a). Analysis with the Arrhenius
relationship yielded an activation energy and a pre-expoential factor of 7eV and

Fig. 2
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The points are the imaginary contribution of the dielectric response (Z) as a function of

temperature for measurement frequencies of 102, 10, . 10S, 10, and 10' Hz. The
bottom curve is the lowest frequency and the top the highest, and where Tf is the freezing
temperature. The solid fine is a phenomenological fitting to eqn. 1. (b) the scaling
parameter (R(u)] as a function of the scaling variable (u) for various measurement
frequencies.
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(b) The remanent polarization as a function of temperature.

10" s-, respectively. Both of these values are physically unreasonable for a thermally
activated process. The remanent polarization (P,) as a function of temperature is shown
in fig. 3(b). The extrapolation of P, to zero yielded a temperature between 215 and
220 K, which is dose to T. This shows that on zero-field heating from the field-cooled
state, the macroscopic polarization collapses near the VogeI-Fuicher freeing tempera-
ture. The implication is that the thawing temperature of the field-cooled state and
freezing temperature of the zero-fiei€€cooled state coincide, reflecting the kinetics of the
polarization reversals. The static polarization of PMN-10PT has recently been
determined from Sawyer-Tower measurements and shown to scale to hyperbolic
functions involving a reduced temperature somewhat similar to eqn. I (Viehland et al.

The Voigei-Fuicher scaling of Z' has been interpreted to mean that freezing does not
occur by cluster growth, but rather by the freezing of local modes (Countens 1984). The
scaling in rhubidium ammonium dihydrogen phosphate (RADP) is believed to be due
to a competition between antiferroelectric and ferrodetric exchanges on the atomlic
level, Courtens (1984), Courtens, Rosenbaum, Nagler, and Horn (1984). This is further
substantiated by the saturation of the correlation length at 12 A near T (Courtes et al.
1984 The VoS4-Fulcher scaling of Z' in PMN may have its origins in the phase
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separated superparaelectric regions. Chemically homogeneous regions on the scale of
approximately 50 A have been observed by transmission electron microscopy (TEM)
(Chen et al. 1989, Randall and Bhalla 1990). The local polarization may be
homogeneous within each region and of predetermined size. Dipole fields between
superparaelectric moments may subsequently lead to a freezing of the polarization
fluctuations into a glassy state at lower temperatures. This is further substantiated by
the saturation of the correlation length in PMN crystals at 200A near the Vogel-
Fulcher freezing temperature (Vakhrushev, Kvyatkovsky, Naberczhov, Okuneva and
Topervers 1989, Viehland, et al. 1991).

The absorption, x", over a wide range of frequencies at various temperatures
around T is shown in fig 4. The width of the 11 curves exceeds that which can be
attributed to a single relaxation time, and strongly suggests a wide distribution. The
absorption width increases as the temperature decreases approaching Tf, and becomes
essentially flat below Tf with all curves remaining parallel. The implication is that
dramatic changes occur in the relaxation time distribution on cooling through T. This
change cannot be attributed to a normal Debye-like relaxational process, because r.
does not shift steadily down in frequency. Kersten, Rost, and Schmidt (1983) have
previously analysed the temperature dependence of r.,.. with the Debye relationship,
obtaining an activation energy and pre-exponential factor of approximately 05 eV and
10-16 s, respectively. Their modelling was done at temperatures significantly above the
permittivity maximum, where the absorption has distinct peaks as shown in fig. 4. In
this temperature range the local polarization fluctuates at relatively rapid frequencies,
i.e. the superparaelectric moments are nearly decoupled. The shift of r. can then be
modelled by the Debye relationship over a limited temperature interval. But as strong
correlations develop between neighbouring moments on cooling, the relaxation
deviates significantly from Debye behaviour as reflected in a strong temperature
dependence of the activation energy and pre-exponential factor (Kirolov and lsupov
1973). Cole-Cole plots are shown in fig- 5 around T. Near T the plot is flat; with
increasing temperature curvature can be seen, and near the temperature of the radio

Fig 4
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frequency pernititivity maxima semicircles are observed. The flattening of the Cole-
Cole curves near the Vogel--Fuicher freezing temperature suggestes as well that the
relaxation time distribution is becoming very broad with the tail of the distribution
extending into the macroscopic time regime.

The dielectric and magnetic responses of dipolar and spin glasses can be
represented by a summation over a distribution of relaxators (Courtens 1984,
Lundgren, Svedlindh and Beckman 1981). as given in eqn. 2

Z"(T,T)= f G(r,T7) "0' n(2)
Jto I -iondn,

where G(r, T) is the distribution of relaxation times, Z'(7) the low-frequency limit of
1

1(T,o,), and (t)-r '. Assuming G(r, T) is very broad in ln(-r) Z* can be approximated
from 2 as given in eqn. 3

Following such a procedure causality predicts that ZO - 8Y/8 In (wo) (Lundgren et al.
1981), which is illustrated in fig. I1(c). The agreem ent with the data in fig. I1(b) is quite
good.

Isothermal cross sections of G(rc, TO) as a function oft for PMN are shown in fig 6 (a)
at T = T, T > T, T = T,,, and T > T,. respectively. The value of X'(7n was assumed to



342 D. Viehland et al.

be the IOOHz'(T). Solid lines are drawn to represent what the distribution most
probably looks like over the whole frequency range. The drawing of these lines was
guided by the fact that G(t, T)= 0 near rCb,, and that at higher temperatures the
distribution will be Gaussian. Near Tf the distribution was found to be essentially flat
between 10-2 and 10-s, tailing to zero near 10- 2. With increasing temperature the
distribution sharpened, developing a distinct :.,, near the temperature of the radio
frequency permittivity maximum. At higher temperatures -r. was found to shift to
higher frequencies, analogous to a Debye type relaxation, but the width and shape of
the distribution continued to change with increasing temperature. Isotemporal cross
sections, G(To, 7, are shown in fig, 6 (b) at various measurement frequencies. A sharp
step in G(:o, 7) was found near T, and shifted to higher temperatures with increasing
frequency. Below Tf, G(:o, T) decreased slowly with decreasing temperature. The
magnitude of G(ro, 7) also increased with frequency, over the range investigated. The
isotemporal cross sections are essentially the dielectric loss factor. A previously

Fig. 6
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(a) The relaxation-time distribution [G(tT 0)J as a function of z at various temperatures.

(a) T- T,, (b) T> T,, (c) T- T., and (d) T> T.. (b) The relaxation-time distribution
(G-ro, 7)] as a function of temperature at various measurement frequencies. The
measurement frequencies shown are 102, 103,.W 10l5, ID', and 10' Hr. The bottom
corv is the lowest frequency, and the top curve the highest.
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Fig. 7
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Diagram illustrating the proposed temperature-dependent relaxation-time spectrum. G(T, 7) is
the number of polar regions having a relaxation time T, T, is the freezing temperature, and
?t is the Debyc frequency.

proposed relaxation time distribution as a function of temperature is illustrated in fig. 7
(Viehand et al. 1990). It can be seen that this model is supported by the experimental
data. The isothermal width of the spectrum is shown to become very broad near T,
approaching the macroscopic time regime. The shortest relaxation time (T..) is shown
to approach macroscopic times only at temperatures far below T. Above T the
isothermal width of the relaxation time spectrum continuously sharpens as the
temperature is increased with o,, and ,.O. approaching the microscopic time regime.

The dielectric spectroscopy results can be understood in terms of the interacting
superparaelectric dipole glass model, discussed above. At high temperatures the
moments are decoupled, exhibiting typical Debye-type behaviour, but on cooling local
dipole fields couple the polarization fluctuations and -,. varies in a nonlinear manner
parameterizable by the Vogel-Fulcher relationship. It is proposed that as a conse-
quence of increasing correlations, the relaxation-time distribution broadens and
flattens out with decreasing temperature reflecting the onset of non-ergodicity. Near a
critical temperature the distribution becomes extremely broad, as the polarization
fluctuations undergo Vogel-Fulcher freezing into a dipole glass state. Consequently,
the system can sustain a remanent polarization below this temperature. The relaxation-
time distribution remains relatively wide above T, in effect leading to a diffuse phase
transformation. The diffuse nature of the transformation is thus not a reflection of
compositional heterogeneity as originally proposed by Smolenski and Agranovskya
(1960), but rather a consequence of size dispersions of polar moments and the
development of correlations.

§4. CONCLUMONS

The dielectric relaxation of PMN single cyrstals has been investigated, and shown
to be similar to spin and dipole glasses. The absorption was found to be nearly
frequency independent below a freezing temperature which correlated with the
temperature at which a stable remanent polarization collapsed on heating from the
field-cooled state. The absorption spectra and Cole-Cole plots were found to become
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very broad near this freezing temperature. The relaxation-time distribution has also
been calculated and shown to broaden strongly near freezing, extending from the
microscopic to macroscopic time regimes.
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ABSTRACT

Non-linear internal friction measurements have been carried out on lead
magnesium niobate with 10at.% lead titanate. The purpose of these measurements
was to investigate the field dependence of the elastic and anelastic responses, and to
determine how the response depends on the amplitude of an applied stress. The
linear elastic response was found to stiffen at all bias levels with the maximum
electroclastic coupling occurring near the Vogel-Fulcher freezing temperature. A
strong frequency dependence of the kinetics of the anclastic relaxation was found at
low measurement frequencies. These data are compared with recent high-frequency
results. The existence of an inhomogeneous internal strain has been found from the
line broadening of the (220) and (321) diffraction peaks. On application of an
electrical field the internal strain is relieved by the development of a macrostrain
which is shown to be the electrostrictive strain. It is proposed that the local
electrostrictive strains are dynamic in nature and are at the origin of the anelastic
relaxation. Strong elastic non-linearities, both an elastic softening and hardening
under stress, have also been observed. These results are interpreted as a stress
activation of the internal deformation process.

§ I. IN'MODUCTION
Lead magnesium niobate (PMN) is a classic relaxor ferroelectric. Relaxors are

ferroclectric materials which exhibit a diffuse phase transformation in which there is a
strong frequency dispersion of the dielectric response at temperatures near the
permittivity maximum (T,,.). On heating from a poled state the remanent polarization
is known to collapse at temperatures significantly below the permittivity maximum
(Bokov and Myl'nikova 1960). The depolarization under an electric field is known to
occur over a broader temperature interval (Xi, Zhilli and Cross 1983). An RMS
polarization, as calculated from the index of refraction, is known at temperatures far
above T,, (Burns and Dacol 1983) which shows that a local polarization exists to
much higher tempertures that that which a macroscopic polarization can be sustained.
Smolenski's (Smolenski and Agranovska 1960) original model of relaxors was based on
the concept of local variations of the transition temperature due to compositional
heterogeneity. More recently Randall and Bhalla (1989) have observed contrast on the

t Also in the Engineering Department.
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836 D. Viehland et al.

nanoscale in PMN using TEM which they believed to be due to short-range chemical
ordering. Cross (1987) has proposed that local polar regions form where allowed by this
short range chemical order, i.e. the so-called 'fossil chemistry', by a a lowering of the
local symmetry through ferroelectric distortions. He has further proposed that the
frequency dispersion arises due to a thermal activation of the direction of spontaneous
polarization, analogous to superparamagnetism. The frequency dispersion of Ti, has
recently been found to exhibit a Vogel-Fulcher type freezing (Viehland, Jang, Wuttig
and Cross 1990), and the freezing temperature was found to correlate with the collapse
of the remanent polarization.

Rclaxors are known to have a large electrostrictive strain (Jang 1979), and to be
strong non-linear materials electrically (Shrout 1980, Glass 1969). The phenomena
underlying the dielectric relaxation then might also be reflected into the elastic
properties. Yushin, Smironova, Dorogortsev, Smirnov and Galayamov (1987) have
recently investigated the anelastic response of PMN in the megahertz regime. They
found that the magnitude and kinetics of the relaxation were frequency independent.
Elastic non-ligucaritics have been previously knowii to arise from domain wall motion
(Wuttig and Lin 1983) and nucleation (Anning and Wuttig 1984). In general, these
elastic non-linearities are believed to be a macroscopic reflection of a strain-driven
microscopic deformation process. The purpose of this work was to investigate the
anelastic response in the low-frequency regime and to determine if the response is
dependent on the magnitude of the applied stress, i.e. elastically non-linear.

Fig. I

[EVACUATo CHAMeER

Diagram or the internal friction apparatus. I: pick up capacitor, 2: Sm-Co magnets, 3: sample, 4:
sample positioner and clamp, 5: thermocouple, 6: constant gradient Helmholtz coils, 7:
resistive heating wire.
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§ 2. EXPERIMENTAL PROCEDURE
The elastic properties were studied using a non-linear internal friction technique

developed by Wuttig and Suzuki (see Anning, Suzuki and Wuttig 1982). A diagram of
the experimental apparatus is given in fig. I. The technique uses a long thin vibrating
reed which is externally driven through the natural resonance by a magnetic gradient
acting on a small permanent magnet attached to the reed. The mechanical response of
the reed to the driving force was measured capacitively by pick-up capacitors using a
technique developed by Tomboulian (1961). The samples were driven into the non-
linear regime which resulted in asymmetric resonance curves. Measurements were
made using increasing and decreasing frequency sweeps to obtain the complete
asymmetry of the resonance curves. The resonance curves were then analysed using a
non-linear least-squares fit to an empirical response relationship developed by Nayfeh
(1979) given in eqn. (1);

3 a 2" I 1 K 2

where w, represents the resonance frequency, a the non-linear elastic constant, 6 the
linear anelastic constant (damping), K the external excitation, and a the r.m.s.
amplitude of vibration of the sample.

Resonance curves were measured as a function of temperature on heating between
250 and 420K, with resonance frequencies of approximately 10, 100, and 400 Hz.
Measurements were done as a function of bias, the bias levels used were 0, 1, 2, 3,4, 5, 6,
7,8, 10, 12, and 15 kV cm- . X-ray line broadening measurements were also done using
a position sensitive detector to supplement the data base. Measurements were made as
a function of bias on the (200), (220), and (321) peaks at 25 and 0°C. The dielectric
constant and polarization were also measured as a function of temperature for
comparison using standard techniques.

The samples used in this study were PMN ceramics with 0 and 10at.%PbTiO 3
(PMN-IOPT). They were prepared as described by Pan, Jiang and Cross (1988). The
samples were free of ageing as described by Pan et aL., were free of pyrochlore as
described by Swartz and Shrout (1982), and were electroded with gold. Stoichiometric
ageing-free samples were used to avoid a potential complication of the relaxation
mechanism by a time-varying defect structure. Supplementary measurements were also
made on La-modifed lead zirconate titanate (PLZT) with Zr/Ti ratio of 65/35 and a La
content of 9 at.%. The PLZT samples were donated by Honeywell Inc. of Bloomington,
Minnesota.

§ 3. REsuLTs

Sample resonance curves are given in figs. 2(a)-(d) for PMN-I0PT at 270,292,310
and 340 K, respectively. Each figure contains resonance curves under bias levels of 0,
and 6, and 12 kV cm '. These curves were chosen to illustrate the field dependence of
the resonance curves at various temperatures. An electrical field increased the
resonance frequency, and decreased the mechanical losses. At lower temperatures the
resonance curve characterized a linear oscillator. As the temperature was increased the
resonance curve bent to lower frequencies with increasing displacement (elastically soft
under stress), and on a further increment of the temperature the resonance curve bent to
higher frequencies with increasing displacement (elastically hard under stress). The
effect of a d.c. bias was to decrease the magnitude of the nonlinearity.



838 D. Viehland et al.

Fig. 2
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Sample resonance curves for PMN-10PT al bias levels of 0, 6, and 12kVcm-'. (a) T= - 15°C,
(b) 7= 15C, (c) T= 40'C, (d) T= 65°C.

Fig. 3
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Elastic stiffness as a function of temperature for PMN.

§4. DISCUSSION
The insertion of any local distortion into a crystalline lattice produces internal

strains. Anelastic behaviour is a manifestation of the relaxational kinetics of this
internal deformation process. In PMN the anelastic response can be anticipated to
reflect the kinetics of the polarization fluctuations which can couple the applied stress
to the internal strain through the electrostriction. The elastic stiffness of PMN over a
wide range of temperatures is illustrated in fig. 3. The elastic stiffness started to soften
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Fig. 4
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(a) Elastic stiffness and linear damping as a function of temperature for PMN-IOPT at a
measurement frequency of 100 Hz. (b) Polarization and dielectric constant as a function
of temperature for PMN-I OPT. The measurement frequencies for the dielectric constant
were 0-I, I, 10. and 100kHz.

IX I

around 600 K which is close to the temperature of the onse( of local polarization asI

originally shown by Burns and Dacol (1983). The implication is that the insertion of
polarization into the prototypic phase softens the lattice, via the elecrostrnction. The
agreement of the temperature of the maximum in the 100 Hz elastic softening with the
temperature of the 100 Hz permittivity maximum, shown in fig. 4, illustrates that the
relaxational processes in both responses does have a common origin. The dielectric
relaxation has been shown to be glassy due to interactions between superparaelectric
moments (Viehiand et at 1990). The implication is that the anelastic relaxation may
also be glassy due to local electrostrictive strain fields.

Figures 5 (a)-d) illustrate the field dependence of the stiffness at various tempera-
tures. The points in these figures are the experimental data, and the solid line is the
curve fitting to eqn. (2);

c(E) =c(o) +11E2 +i7E (2)
where c is the elastic stiffness, and le and are the fourth and sixth order electroelastic
couplings respectively. The experimental data was modelled using a nonlinear least-
squares fitting to eqn. (2), solving forP and 3. as a function of temperature is shown in
rig. 6. The maximum electroelastic nonlinearities occurred near 15°C. The freezing
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Fig. 5
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Elastic stiffness as a function of d.c. electrical bias for PMN-IOPT. (a) T= 1OC, (b) T= 15°C,
(c) T- 40'C, (d) T= 120°C.

Fig. 6
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Electroelastic constant (P) as a function of temperature for PMN-lOPT where T is the freezing
temperature. The inset is the fitting of the frequency dependence of the temperature of the
permittivity maximum to the Vogel-Fuicher relationship.

temperature has been estimated to be 18*C by modelling the frequency dep.ndence of
T,,, using the Vogel-Fulcher relationship (Viehland et al. 1990) which is close to the
temperature of the maximum electroelastic nonlinearities. The modelling of the
dielectric relaxation is shown as the inset of fig. 6. These results indicate that the local
electrostrictive strains are dynamical in nature and undergo a Vogel-Fulcher type



Lead magnesium niobate relaxors 841

freezing corresponding to the freezing of the polarization fluctuations. This can be
interpreted to mean that the polarization fluctuations do not occur within a rigid
framework, but rather inside of a soft framework which deforms in response to the
polarization fluctuations. The maximum nonlinearities in the electroelastic response,
then, occurs near the freezing temperature where a d.c. biasing field can most effectively
repopulate the states. Yushin (1988) has reported a similar anomaly in the electro-
acoustic behaviour near 210 K for PMN in the zero-field-cooled state.

An electrical field stiffened the elastic response at all bias levels. If the softening of
the linear elastic stiffness is solely related to the introduction of polarization into the
lattice, then application of an electrical field should further soften the lattice because it
would stabilize more polarized regions. A possible explanation of this discrepancy is
that the inhomogeneity in the internal strain field, both in the frozen and dynamical
states, enhances the deformation mechanism. Consequently on application of an
electrical field the lattice stiffens as the randomness of the strain field is destroyed. The
elastic behaviour of PMN may be similar to the orientational glassy state proposed for
(KBr) _,(KCN), (Knorr, Volkmann and Loidl 1986, Knorr 1987) in which quad-
rupolar interactions between elastic dipoles leads to a freezing of the anelastic response.
It is proposed here that quadrupolar interactions between polar clusters in PMN
contribute to the freezing process, and that the corresponding frustration is partially
orientational in nature. The main difference between the glassy response in PMN and
(KBr), .,(KCN), is the scale of the inhomogeneity in the strain field. In relaxors this
scale is on the order of 50-100A (Randall and Bhalla 1989, Chen, Chan and Harmer

Fig. 7
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1989), whereas in (KBr) , - (KCN)X it is several unit cells. The glassy contribution to the
elastic softening consequently would be expected to be much less for PMN than for
(KBr), _J(KCN)X, which is experimentally observed. In the tungsten bronze family of
relaxors, an electrical field has been found to soften the lattice (Shrout 1980). The
difference in the elastic behaviour of the PMN family of relaxors and the tungsten
bronzes, can be understood by the differences in their structures. The structure of the
tungsten bronzes are prototypic tetragonal with only two ferroelectric domain states.
Consequently the interaction of the electrostrictive deformation with an applied stress
does not reveal any internal strain. PMN is rhombohedral having non-180' variants
which can contribute to an inhomogeneous internal strain if the cluster moments freeze
in a random manner.

The (220) diffraction peak for PM N-I OPT at various bias levels is shown in fig. 7 (a)
and (b) at 25 and OC, respectively. The width of the peak decreased and the peak shifted
to lower 20 values with increasing bias. Upon removal of the field the width and the
peak position returned to the unbiased values at 25°C, but remained at the biased
values at 0°C. These results support the model of an inhomogeneity in the local strain
field which has an instability to an applied bias. The inability of the inhomogeneity to
recover after removal of the bias below the freezing temperature gives further evidence
of the dynamical nature of the local electrostrictive strains above T. The shifting of the
peak position shows that a macrostrain develops from the inhomogeneous internal
strain on biasing. The shift in the peak position (A20) was approximately O1°

between 0 and t0 kVcm - '. The lattice strain associated with this shift can be
approximated by equaking the Bragg relationships at both biases and solving for Ad/di
as given in eqn. (3);

Ad sin(201)
E=-= I - (3)

d, sin (201 + A20)

where e is the lattice strain, d, and d2 are the lattice constant under 0 and 15 kV cm -
respectively, and Ad is defined as d, -d7. Adfd, can then be approximated as 5 x 10-
which is comparable to the electrostrictive strain (Jang 1979). This shows that the large
electrostrictive strains in these materials are not due to induced polarization, but rather
to the relief of the internal strain by the development of a macrostrain. Hysteresis then
occurs in the field dependence of the strain behaviour below T.

The 100Hz internal friction as a function of bias at T is shown in fig. 8. The
maximum field dependence was also found near T. The internal friction initially
increased until 3 kV cm - , then decreased upon further increment of the field. The
coexistence of both dielectric and anelastic relaxation requires that the piezoelectric
response d33) must also be dispersive (Nowick and Heller 1965), which has recently
been observed (Pan, Gu, Taylor and Cross 1989). The maximum response and
strongest relaxation in d33 were also observed near this threshold bias (3 kV cm-').
This means that at the threshold bias a small applied stress can most effectively
repopulate the equivalent variants; consequently the mechanical losses are maximum.
The threshold bias can be interpreted to mean that in the zero-field-cooled state
the orientations of the superparaclectric moments are not completely random,
but rather there are local configurations of moment orientations as previously
proposed from the field dependence of the dielectric response (Viehland et al. 199 1). A
small bias then acts to override these configurations, enhancing the fluctuation kinetics
and the magnitude of the relaxation. It is probable that the short-range ordering in
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Fig. 8
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these configurations is determined in part by the local electrostrictive str;,'11
fields.Khachaturyan and Shatalov (1969) have previously shown that local strain fields
between inclusion can lead to short-range ordering of their 'elastic dipoles'. At bias
levels above threshold, the internal friction decreased probably because of the relief of
the internal strain and the longer nature of the dipolar interactions.

The effective third-order elastic constant of PMN as a function of temperature
under zero bias is illustrated in fig. 9 (a). The maximum softening of this constant
occurred slightly below the temperature of the 100Hz permitti, itv maximum. The
maximum bending of the resonance curve unl , r stress at T,,,., in * nelectrtir d state
can be estimated to be I Hz (see fig. 2 Ic)) which is approxim;itely 1 hi slat,
into a -5% decrease in the elastic energy by the nonlinearities. This, ibut ,isnut
small in consideration of the inhomogeneous nature of the applied st I .. It is obvious
that the elastic softening occurs when the frequency of the polarization fluctuations
nearly coincides wit h the driving frequency of the a.c. stress field. The maximum elastic
softening probabl) occurs when the polarization can most effectively respond to the
biasing strain. Below this temperature, the fluctuations are essentially frozen with
respect to the time scale of the measurement. The natural elasii, hardening,
consequently, is observed at higher temperatures when the kinetics of th, :.forniation
process becomes much faster than the applied a.c. stress. The softening I the elastic
response shows that the kinetics of the internal deformation process can ie driven by an
applied a.c: stress. Higher order elastic constants usually characterize the strer-

dependence of the velocity of an elastic wave and/or the nonlinear interactions between
.elastic dipoles' (Wallace 1970). It is proposed that the microscopic origins of the
softening arises due to interactions between cluster moments, both dipolar and
quadrapolar, which in part control the kinetics of the deformation process. A potential
well diagram which illustrates the effect of an applied stress along a (I1ll) variant is
shown in fig. 10. If T< Tm the applied stress lowers the activation by y,; consequently
the repopulation kinetics aloe the axis of the stress is enhanced anI 'lie elastic

Fig. 10

Potential-well diagram which illustrates It h effect of an a.c. mechanical stre-s on the activation
energy for a superparaclectric rcl.,-ation at various temperatures -ere £ is th" r.m.s.
value of the stress and y, the change in the activation energy.
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response is soft. If T> T,,,. the applied stress is shown to push against the walls of the
wells; consequently the elastic response is hard. The third-order elastic constant under
5 kV cm- 'is also illustrated in fig. 9 (a). An electrical field decreased the softening and
increased the temperature of its maximal response. The third-order elastic constant as a
function of bias at the temperature of the permittivity maximum is shown in fig. 9 (b).
The elastic response is essentially linear under 10 kV cm - '. The reason for the decrease
in the magnitude of the elastic softening can be understood as a reflection of the
decrease in the inhomogeneity of the local strain fields on biasing. Consequently the
deformation process is less stress-sensitive and the magnitude of the softening of the
lattice under stress decreases.

The internal friction of PMN has been reported to be frequency independent
between 5 and 50 MHz (Yushin, Smirnova, Dorogortsev, Smirnov and Galayamov
1987). The internal friction of PMN at various frequencies between 100 and 50 MHz is
shown in fig. I I (a). The maximum loss and temperature of its half maximum value are
plotted as a function of frequency in fig. I I (b). It is obvious that the kinetics of
relaxational process is temperature dependent in only the low-frequency regime,

Fig. 11
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(a) Mechanical damping of PMN as a function of temperature at various frequencies. The
frequencies shown are 0-1 and 2-3 kHz, and 7, 10, 20 and 50 MHz. The MHz data was
taken from Yushin (1988). (b) Maximum of the internal friction (Q,',) and temperature of
its half maximum value as a function of the measurement frequency for PMN-IOPT.
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whereas the magnitude of the relaxation is relatively frequency indepcdlent. A possible
explanation for this behaviour is that the thermal fluctuations of the local electrostric-
tivc strains cannot follow above a certain frequency. Further evidence for such a
behaviour in relaxors can be found in the temperature dependence of the line
broadening of the diffraction peaks in PLZT-8-7 (Darlington 1989). These results are
illustrated in ligs. 12(a)-(c). The broadening of the (200) peak starts near the onset of
local polarization, and seems to saturate near 560 K, whereas the broadening of the
(220) and (321) peaks continuously increases 1, 'ween approximately 501l and 250K.
This shows that the inhomogeneity in the si on field associated with the volume
deformation saturates when an inhomogeneity in the shear deformation ((220) and
(321) peaks) starts to develop. A possible explanation is that at high temperatures
near the onset of reversible polarization, the rhombohedral strain of the individual
ferroelectric distortions is largely suppressed due to their emergence in an elastically
stiff matrix. The matrix is soft dielectrically (high permittivity) so the polarization can

Fig. 12
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X-ray diffraction peaks as a function of temperature for PLZT-8.7 (65/35) taken from Darlington
(1989) where 70 is the Burn's temperature and T the freezing temperature: (a) the (200)
peak, (b) the (220) peak, and (c) the (321) peak.
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Fig. 13
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Diagram illustrating the proposed temperature-dependent relaxation time spectrum where G(t)
is the number or micro-polar regions having a relaxation time 1: (a) anelastic distribution,
(b) dielectric distribution.

occur, but elastically the rhombohedral variants are cubically clamped. Consequently
the strain fields associated with the volume deformation are inhomogeneous and static.
At lower temperatures, as the kinetics of the polarization fluctuations slow down due to
the build up of correlations, the polar regions may be able to lower their free energy by
deforming in a correlated manner which preserves the cubic dimensions. Inversion of
the polarization leaves the elastic environment unchanged, but the rotation of the
polarization involves rearrangements of the local elastic minima. The free energy may
then be lowered by allowing the local strain fields to become dynamic, consequently an
inhomogeneity in the shear strain develops. The implication is that the anelastic and
dielectric relaxation time distributions do not need to be equivalent, but rather varying
differences between the two may occur as a function of temperature or frequency
depending on whether the polarization is free to deform or clamped. At lower
temperatures near T, the relaxation time distributions would be very similar. For
comparison the Vogel-Fulcher freezing temperature of PLZT-9 has been estimated as
265 K which is close in agreement with the temperature of the saturation in the
broadening of the (220) and (321) peaks.

A model of a temperature dependent relaxation time spectrum is presented in fig.
13(a) for the anclastic response. A model previously proposed for the dielectric
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response is shown in fig. 13 (b) for comparison (Viehland et al. 1990). These models are
not quantitative, but are qualitatively consistent with experimental observations. The
isothermal width for both spectra is shown to become very broad near T with the mean
value (r3,) approaching the macroscopic time regime. Relaxation is also shown to exist
to temperatures significantly below T as a rcflcction of thc size dispersion of the
noments. Above 7; thc isothermal widths of the relaxation time spectra con-
tinuously sharpen with increasing temperature. The shortest relaxation time (Tmi.) for
the anelastic relaxation is shown to approach a critical frequency (T,,mp) at which point
the anelastically active orientations are becoming inaccessible to the polarization due
to the stiffening of the matrix. This frequency is shown to be much lower than the Debye
frequency (Td)" Upon further increment of the temperature %,, and Tm,,. are shown to
approach %,,mp for the anelastic response. The maximum value of the distribution is
shown to be relatively frequency independent to reflect the weak frequenc y dependence
of the relaxation magnitude. The maximum value of the distribution for the anelastic
response is shown to be smaller than that for the dielectric response to illustrate the
relative magnitudes of their respective losses.

§ 4. CONCLUSIONS
Evidence for a Vogel-Fulcher type freezing of the anelastic response has been

found. It has subsequently been proposed that the freezing process in relaxors is
partially controlled by randomly orientated local electrostrictive strain fields. The
existence of an internal strain which decreases on biasing has been confirmed by
line broadening of the (220) diffraction peak. The frequency dependence of the anelastic
relaxation has also been investigated. It has been found that the kinetics of the anelastic
relaxation is substantially different from the dielectric relaxation at higher frequencies.
A softening of the elastic response to the amplitude of the applied stress has also been
found which was explained as a stress activation of the internal deformation process.
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Local polar configurations in lead magnesium niobate relaxors
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The field dependence of the dielectric response has been measured for lead magnesium niobate
relaxors. The frequency dispersion of the temperature of the permittivity maximum, T., was
analyzed using the Vogel-Fulcher relationship. The field dependence of the permittivity at
various temperatures was also modeled using a phenomenological expansion in the electric
field. The activation energy and a softening of the dielectric response were found to be
maximum under a small bias. The freezing temperature was found to be minimum near this
same bias. These results are interpreted to mean that the moments of the polar clusters do not
freeze in random orientations, but rather locally preferred configurations of moments are
proposed to exist. Evidence is presented that the scale of these configurations is approximately
100A . At higher biases the relaxation mechanism was shut down; consequently, the nonlinear
response was stiffened and T,,, increased. The nonlinear response was also found to be
maximum near the freezing temperature.

L INTRODUCTION found strong nonlinearities and a suppression of the frequen-

cy dispersion at higher biases. Xi, Zhilli, and Cross"' pro-
Lead magnesium niobate (PMN) was the first ferro- posed an electric-field-induced micro-macro domain transi-

electric discovered which exhibited a classic dielectric relax- tion in La-modified lead zirconate titanate with 8 at. % La
ation' and consequently was designated a relaxor ferroelec- and a Zr/Ti ratio of 65/35 near the temperature of the onset
tric. Since that time, many relaxors have been identified in of a macroscopic polarization to account for the field depen.
mixed oxide systems, primarily in the perovskite and tung- dence of the dielectric response.
sten bronze structure families. Relaxors are unable to sustain Spin glasses can be viewed as interacting superparamag-
a macroscopic polarization until temperatures significantly netic clusters." These materials are characterized by a
below the dielectric maximum (K.,. ), but a local polariza. freezing temperature at which the fluctuations of the mag-
tion is known to exist until much higher temperatures.2  netic moment condense and by conflicting interactions. Spin
These locally polarized regions are believed to have rhombo- glasses are also known to be strong nonlinear materials mag-
bedral symmetry' and, consequently, eight equivalent var. netically. It is generally believed that the change in proper-
iants. In consideration of these findings, Cross' suggested ties is a reflection ofan alignment of spins and an ordering of
that the polar clusters are superparaelectric with the polar- nearest-neighbor interactions, leading to a change in the dy-
ization thermally fluctuating between equivalent directions. namics of the freezing process. The magnetic permittivity,2

The density of the polar clusters as observed by transmission temperature of the permittivity maximum,' and the onset
electron microscopy' (TEM) is high enough that collec- of irreversibility23 have all bees, reported to be altered by
tive effects between clusters may be significant. Viehland el magnetic fields. The purpose of tkis work was to investigate
at. have consequently suggested that the fluctuations have a the field dependence of the freezing process and the nonlin-
freezing temperature similar to spin glasses. Similar behav- ear permittivity in PMN relaxors. The field dependence of
ior in which long-range polar order is in conflict with ran- the dielectric response has been comprehensively measured
dom freezing has been reported in -Tar-,-Nb.,Oi,' ----. up to bias levels above saturation.- -......

K, _ ,LiTaOto and K, (NH4),HPO,." Burns and
Dacol " and Bovton et aoL have previously discussed the I. EXPERIMENTAL PROCEDURE
similarities of PMN relaxors to dipole and spin glasses. The samples used in this study were PMN ceramics with

Relaxors are known to be strongly nonlinear materials. 10 at% PT (PMN-10PT). They were prepared as described
The dielectric permittivity"' s and elastic constants ' " by Pan.3 The 100 Hz dielectric maximum was near 40 "C.
have both been reported to be altered by an electric field. It is The samples were free of aging as described by Pan,24 free of
generally believed that the nonlinearities are a reflection of pyrochlore as described by Swartz and Shrout, " of dimen-
the macroscopic polarization which can be sustained by an sions I cmXO.5 cmX0.05 cm, and electroded with gold.
electric field to much higher temperatures. The polarization Stoichiometric aging free samples were used to avoid a po-
is completely reversible and collapses when the field is re- tential complication of the relaxation mechanism by a defect
moved. Pan etal. " have investigated the field dependence of structure.
the room-temperature dielectric constant in PMN; they The dielectric response was measured as a function of

frequency and temperature at bias levels of 0, 0.5, 1, 2, 3, 4, 5,
•'AIo in the Ehvrical Enianeiag Depantumet. 6, 7, 8, 10, 12, 14, 20, and 28 kV/cm. The frequencies used
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FIG. 1. Dielectrc constant and dissipation factor as a function of tempera- I
tureat measuremetfrequencies ofo., 1. 10,. 10. and 1000kHz. The ,r- lar i
gest dielectric constant and dissipation factor are the 0. 1 kHz, the smallest 4I
are the 1000 kHz. and the other curn between are in order of increasing
frequency. (a)-(d) are at bias levels of0, 8, 20, and 28 kV/cm respectively. 2 '0 I 20 0
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FIG. 2. (a) Permittivity maximum (K.,,n) as a function or dc bias level.
were 0.1, 0.2, 0.4, 1,2,4. 10,20,40, 100, 200, 400, and 1000 The measurement frequencies were O. 1, 1. 10. 100. and 1000kHz. The lar-
kHz. Measurements were made in the temperature range of gest K,*,s are the 0. 1 kHz. the smallest are the 1000 kHz. and the other

0-150 "C by cooling at a rate of I "C/min. The measurements curves between are in order of increasing frequency. (b) Temperature of

were made using an HP4275A and 4274A LCR meters. Two permittivity maximum (T.-., ) as a function of bias level. The measurement

large blocking capacitors were used to protect the dielectric frequencies were 0. I, 1. 10. 100, and 1000 kHz. The lowest temperatures are
the 0. I kHz, the highest are the 1000 kHz. and the other curves between are

bridge from possible dielectric breakdown of the sample. A in order of increasing frequency.
20-Mfl resistor was put in series with the dc power supply so
as not to bypass the ac current from the capacitance bridge.

IlL. RESULTS ments of polar clusters. The permittivity decreased by ap-

The field dependencies of the dielectric responses, both proximately an order of magnitude under a bias level of 28

real and imaginary, are illustrated in Figs. 1(a)-l (d) for kV/cm relative to 0 kV/cm. At higher biases, the iample

bias levels of 0, 8, 20, and 28 kV/cm, respectively. It can be probably has reached saturation with nearly all moments

seen that an electric field reduces the dielectric constant, aligned, and consequently the dielectric response (6P/6E) is
suppresses the frequency dispersion, and increases the tern- lower. The polarization behavior for PMN- IOPT has recent-perature ofe the freqenc diper so, nd dielectric loss ly been modeled by modifying Niel's equilibrium equation
was reduced and showed a more pronounced maximum. Un- for superparamagnetic clusters to include an effective inter-

der larger biases, Maxwell-Wagner losses are evident at high nal field." A more complete understanding of the field de-

temperatures as shown in Figs. 1(c) and I(d). The loss is pendence of the relaxor behavior might be obtained by a

not shown in Fig. 1 (d) above 80 C in order to make the careful analysis of the kinetics of the dielectric response and

graph distinguishable. its nonlinear contribution.

The field dependence of K.,.. is shown in Fig. 2(a). The The frequency dependence of the temperature of the

0.1 -kHz K.,. was approximately 15 000 under 0 kV/cm, permittivity maximum can be modeled using the Vogel-

decreased slowly at lower bias levels, and then decreased Fulcher relationship ?'' -2" given in Eq. ():

quadratically to approximately !500 under 28 kV/cm. At W :jo exp(- -E (!)
higher frequencies, Km. showed less field dependence, but kk(T.., - T))
no dispersion of Km. was observed above 10 kV/crn. Then p o1 ma wherefo is the Debye frequency, Eo is the activation energy,
field dependence of the temperature of the dielectric maxi- T is the temperature of the permittivity maximum, and
mum (T., ) is shown in Fig. 2(b). The 0. 1-kHz T.. went T . is the freezing temperature. The 13 pairs of (w, T..,, ) for
through a minimum of approximately 38 "C under 3 kV/cm each bias level below 10 kV/cm were analyzed using a Le-
and then increased to approximately 110"C under 28 venerg-Marquardt nonlinear fitting to Eq. ( I) solving for
kV/cm. Similar results were obtained for the other frequen- f, E., and T. The analysis was done assuming that fo was
cies. At higher measurement frequencies. T.., was less de- constant at all bias levels. A value of 1.03 X 10 2 s - ' resulted
pendent on the bias, but no dispersion was observed above 10 in minimum variance. The resultant values for Eo and T . are
kV/cm in the frequency domain investigated, given in Table I along with the corresponding bias level.

IV. DISCUSSION Figures 3(a) and 3(b) show Eo and Tf as a function of bias,
respectively. Eo went through a maximum near 3 kV/cm

The strong field dependence of the dielectric permittivi- and then decreased quadratically to zero near 10 kV/cm. Tf
ty can be interpreted in terms of an alignment of the mo- went through a minimum near 3 kV/cm and then increased
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TABLE I. Activationenergy (E,) and freezingemperature (T,) tabulated 10 ... 12000.. . . . .0
along side the corresponding bias level. r e000 T .15c

Bias (kV/cni) E (eV) 7, (K) 4 600

200C .. 4000-
0.00 0.0407 291.50 __,.-_, .... . . .

1.0 0.0419 290.25 a 0- 0 2 4 6 8 e 2000-

2.00 0.0426 289.37 (al SIAS hv'cml (bi (W/C.I

I- 1-3.00 0.0430 288.79 1400 Z 6
4-00 0.0425 288.85 1 00 4000-

5.(X) 0.0395 290.8 0
00 1200

6.00 0.0363 293.51 ! eo
7.00 0.0287 299.56 . 6000- sooo

8.00 0.0217 306.20 O " O 4
a. 4000

1- 0 2 4 6 0 600 02

ic) es thv/I d) W 8s tikv/m

FIG. 4. Permittivity as a function of bias level at various temperatures for
dramatically above 10 kV/cm. The field dependence of the measurement frequencies ofO. 1, I. 10, 100, and 1000 kHz. The solid points
permittivity was modeled with a phenomenological expan- are the experimental data. and the Solid line is the curve fitting to Eq. (2).

e he highest dielectric response is the 0. 1 klz. the lowest is tie 1000 kltz.

sion in the electric field as given in Eq. (2): and tle other curvs, between are in order ofincrcasing frequency. (a)-(d)

,1'(E, T) = A"' (T) + T-, ( E + " (T)E 4 + , (2) arc at mcasurenuent temperaturcs ofo. 15. 25. and 40'C. respectively.

where j'(T) is the zero-field permitlivity, V"2 ( T) is the sec-
ond-order notlinearihy. and I,, ( T) is the fourth-order non- The strong decrease in E,, indicates that a large dc bias
linearity. The fitting of the data is shown as the solid lines in shuts down the relaxation imechanism. The electric field may
Figs. 4(a)-4(d). and lite experimental data as the solid cir- split tile degeneracy of the eight equivalent rhonbohedral

ties..'2 and y,4 as a function of tetpcrature at measurement states atd significantly change the depths of the polential
frequencies of 0. 1 and 100 kllz are shown in Figs. 5(a) and wells. As a consequence. the polarization can no longer ro-
5(b). respectively. Both nonlinear components had anona- tate between neighboring directions near this "pinch-off."
lous behavior near 15 oC. which is close to 7. The second- The degeneracy of the variants is not split in normal ferro-
order nonlinearity was positive (soft) near T, but became electrics because, before the required field level is reached,
negative (stiff) at higher and lower temperatures. The domain wall motion sets in. The field dependence of E, for a
fourth-order nonlinearity was soft above 60 'C and became rotation of the magnetic moment of a superparamagnetic
stiff at lower temperatures. Sitmilar results were obtained at cluster was derived by Nfel. ' A similar expression in terms
the other measurement frequencies, but are not shown in of the electric field for a superparaelectric cluster is given in
order to make the graph distinguishable. The magnitude of Eq. (3):
both nonlinear components decreased with increasing fre- - E 2

quency. E. = E.(0) 5 ( I + )E (3)

0.05 -t5 0. ' ti "I''''

0.04 * 
•  -too Tf * tOO NZI. .00 KHz

o.03 * -
Ea (et E 5 0 -

O.02

0.01 
W< 0

0"00 -2 0 2 4 6 S 0 -40-20 0 20 40 60 80 tOO

.2)BIAS k4c6 1 (m) TEMPERATURE (C)

-2.5 • • • ' '

310 -2.0- -OOHz
-- I. l l • OOKHz

7•i• .1** .* *

-40-20 0 20 40 60 oo0O

.2 0 2 4 6 8 10 (b) TEMPERATURE(C)
(bI BIAS (6 V/cm)

FIG. 5. (a) Second-ordtr nonlinear dielectric response ( y, ) as a function

FIG. 3 (a) Activation energy rE.,) a% a functiotn of hias level. (b) Freezing of temperature where 7" is the freezing temperature. (hi Fourth-order ,on-

temperature ( r,) as a function ofbias letel. F., and 7, were calculated using linear dielectric response ( 1,, ) as a function of temperature. Both figures

Eq. ( I ). show data for measurement frequencies of 0. 1 and 100 kHz.
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whereEis theapplied field. and E, istheanisotropy field. I which yielded a value of 0.005 eV. The analysis was done
can be approximated as 2E. (O)/P,., 1' ' where P,,,,., is the simultaneously for all measured frequencies under zero bias
local polarization, and J is the cluster volume. E,, (0) was in order to obtain the best estimate.
0.0407eV, and the clusterdiane(erofl'MN has been report- The decrease i6 T, and the softening of the dielectric
ed to be between 2 aud 5 nin. " TIe mean cluster diameter response can be underslood in terms of an enhanced fluctu-
can be assumed to be the average of these two values, and ation kinetics under sit, 11 biases. The magnitude of 1', and
assuming spherical regions, the volume can be approximated AT, were small, which is undoubtedly a reflection of the
as 2.5 x 10 2 'cm'. The local polarization has been found to st: 11 value ofAE.. An -ipproximation for an internal bias in
be approximately 0.25 C/m',2 and E, can then be estimated the ,,electrified state can be obtained by setting AE, equal
as 22 kV/cm. The fluctuation frequencies at 40 *C under 10 to an electrical energy as given in Eq. (5):
kV/cm for the 0, 70, 110 °. .ind 180' variant,. are then V AE, (5)
2x10- ", 0.5, 2.5x 105, and 1.5X 10" Hz, respectively.
Some relaxation may be detected due to rotations between wi. E,, is an internal bias. Ell, is not the mean value of the
the 110" and 700 variants al measurement frequencies above ran .i, dipole field, but r:,or reflects the dependence of E.
100 kHz, but the population of these states is relatively on ti,: configurations of', :,oring moments. Vand P ,,,,
small. The average relaxation time under 10 kV/cm, then, is were approximated abo c ,is 2.5 x 10 2" cm' and 0.25
so long compared to the half-cycle of the measurement that C/m 2. respectively. El, can theni be estimated as 2.5 kV/cm,
the system is essentially kineticallv frozen. This model can which is nearly equal to the field level at which 1. was maxi-
qualitatively descri' I lie shut di, - the relaxation mech- mum and T, ninimum. This indicates that the maxiniunt
anism, but it predict :at , sho -tease significantly at softening of th- dielectric response and minimum T, may
low bias levels. The measured F,, .. iually increased until a occur at a threshold field which overrides the local configu-
threshold bias. ratiotis. The loc if dipole fields may tend to locally align the

To more accurately describe the field dependence of E,,, cluster momet' consequently slowing down the flutlu-
the effect of cluster interactions it. .ds to be included. Inter- ations. It the , . of tI ' '.at configuro, its is small, the
actions have recently been accounted for by including an preferred alignment wi -rage out o, a macroscopic
internal field.2' Th" iternal field was treated !,. a macrto- scale, but the effect ott f luctuation kinetics will not. A
scopic average, bitt '.re will also be local . ..ole fields small applied bias adjusts the potential wells and on a global
between cluster m, ..;s in the unclech iti.d stai which are average decreases AE,,; consequently, the fluctuation kinel-
probably randoml. t lfntated as evident by a lack ofmac- ics are enhanced. The maximum softening and minimum 7,
roscopic polarization and anisotropy. Onc of the effects of a then occur, !lhen the potential variants are closest to being
local field will be to change the depths of the poltential wells equivaler,
and to make tht'm dependent on the configurations of A pt,, well n- i which describes the field depen-
boring clusters. A possible explanation of the maxin: denceoft) I valeu, iants is shown in Figs. 6(a)-6(c).
E, at 3 kV/cm then is that the sample becomes internally Figure6(a) iclpresent,11tc unbiasedstateandillustratestiat
biased by finding locally preferred configurations of 1o- the degeneracy of the equivalent variants is inherently split.
ments. Under a small electric field, then, a threshold is The splitting energy is shown as AE. Figure 6(b) represents
reached where on the global average the difference between the average potential well under 3 kV/cm. This figure shows
the potential minima is smallest. Assuming that the local that the variants are essentially all of the same depth. At this
internal biases have a net direction along one of the rhombo- p,,int the moment can most readily access all variants. Fig-
hedral orientations the 0". 700. I10, and 180" variants are 0 c) shouw ihe a%' -- e potential well near "pinch-ofl"
lowered by AE,,, AE,, cos 70, AL,, cos 110, and - AE,,, re- v the rela :tion i, hanism has r .entially been shut
spectively. The average ,-laxation time (7:,,,) cani be ap- This figi- - sho%' hat the varit ' :intiparallel to the
proximated by a statsit -average over the entire set of re- ticio has been raimd b) nearly E. and the variant parallel to
laxation times if the splitting of the degeneracy is much the field lowered by E,.
smaller than E.. An approximation for i,,. is given in Eq. The glassy nature of relaxors in the unelectrified state
(4): probably arises due to the random dipole fields between clus-

ter moments. If the dispersioti in the local dipole field is of
T.0 . = - expI + ex-- I the same order as the mean local field, then the macroscopick ,,, - T,)/k (T, .-. T, system may try to partially order the cluster moments. If the

E,, + AE, cos 70 miean local field cannot override the inhomogeneity, a global
* 3exp k( -, T,) equilibrium cannot be established. Vugeineister and Glin-

7',)chuk' t have proposed a dipole interaction theory for strong-

(E,-AE,l cos 70"* ly polari. .I. solids with soft phuonon modes. The prediction
+ 3exp k(T Tt) , (4 of this th.,,t y is that if Nr,). I, then the dipoles will favor a

ferroelectric ordering, and if Nr) , 1, then the dipoles will

where , is the activation energy under 3 kV/cm, at which freeze randomly, where N is the dipole density and r, is the
point E was maxivitim and presumaly the energy differ- correlation radius. N cat) be al' ioximated as V,/ V, where
ence between the %:itiants smallest. Equation (4) was mod- Vi is the volume fraction of thu polar clusters. V/ is not

eled using a , ar analysis program solving for E,,, known precisely. but will be roughly estimated here as 1fron)
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L- ao (a) EOKV/crn ing. 1 he implication is that the freezing in relixors mnay oc-
cur when the correlation length reaches a value where polar

90 too clusters have multiple neighbors which are mutually polar-
e izing. Other nanoscale interactions could lead to freezing in

LEI------ relaxors. and in fact recent results indicate that the freezing
in PLZT could be due in part to strain fields.

The results suggest that there may be a hierarchy of
relaxation processes associated with a complex phase space

() Ehaving many local energy minima associated with different
configurations of moment orientations. The splitting of the
degeneracy of the equivalent variants can serve as a driving

I -, .0 " force for a subsequent search for an optimum configuration
Ea V suppressing the fluctuation kinetics. The cluster moments

may then be able to relax below T, when the moments of
neighboring polar clusters are in certain improbable configu-
rations. The implication is that the relaxational process is
not truly stochastic in that the -random walk" has favored

10 E. OKV/cm local minima which drives the relaxation. The measured val-
ue of A.Eo should be slightly different for measurements
made on heating as compared to cooling, and in fact the
dielectric response has been found to be different. 9 At the

2E start of a cooling run, the moments may be thermally rando-
mized, destroying the local configurations, whereas on a
heating run the initial state is not disturbed. The low-field

FIG. 6. Diagram illustrating the proposed potentia-well model which de- aging of the dielectric permittivity in PMN 24 can also be
scnbes the field dependence of the dielectric rspone. E. is the activation interpreted using this model. The aging occurs over long
energy. AE is the inherent zero field splitting of the equivalent variants, and
I, is the activation energy, at which point the energ difference between time periods near the maximum in the permittivity. The re-
variants is smallest. (a)-(c) me for dc bias levels of 0.3, and 10 kV/cm. laxation time ofthe aging process is much longer than that of

the polarization fluctuations at this temperature, indicating
that there is a hierarchy of mechanisms. Defects may be able

TEM micrographs. --' The correlation length has been found to significantly change the optimum configuration, and con-
to saturate near freezing at 200 A,2 and the correlation radi- sequently the permittivity decreases with time because the
us may be approximated as 100kA. N?, can then be estimated kinetics of the fluctuations are suppressed as more favorable
for PMN as 10. This indicates that relaxors are not ideal configurations are found.
dipole glasses, but have some tendency towards ferroelectric At biases above 3 kV/cm, the dielectric response be-
ordering of the cluster moments. This ordering obviously came stiff, which indicates that the fluctuations are slowed
does not go to completion. the macroscopic system may in- down by large electric fields. The nmaximum nonlinearites
stead establish preferred configurations of orientations of occurred near T, which is close to the temperature where

cluster moments. Below T the macroscopic system is stuck the remanent polarization collapsed.7 It is perhaps logical to
in these configurations and cannot establish a normal polar anticipate the nonlinear response to be optimal at this point
state. The implication is that relaxors freeze into configura- because an electric field can most effectively repopulate the
tions which have a texture on the nanometer scale and that orientations of the moments in its direction. Consequently,
this texture is the "precursor" to long-range polar order of a the randomness of the dipole fields between cluster moments
macrodomain state. The scale of these configurations below would be unstable to an ordering field which would effective-
T can be assumed to be approximately the same as the maxi- ly give a nonlinear feedback to the dielectric response. At
mum correlation length. This scale is such that on a global bias levels above pinch-off. T, and T,._ increased rapidly,
average the preferred alignment averages out, and no macro- approximately 80 C between 10 and 28 kV/cm, and seemed
scopic polarization or anisotropy is observed, to be saturating at the highest bias levels. The correlation

Locally preferred configurations could arise by the mac- length is known to be field dependent." As the correlation
roscopic system balancing the configurations of nearest and length increases, the effective cluster volume increases, and
next-nearest cluster moments. The local effect may be that consequently the interactions between polar clusters are
the potential minima of the variants are split by dipole-di- longer range and the kinetics of the fluctuations are slower.
pole interactions in such a manner that on a global average At bias levels above the point where the fluctuations have
the 0T variant is lower for nearest-neighbor configurations condensed, the electrification may override the chemical in-
and the 70' or I WO' variant is lower for next-nearest-neighbor homogeneity which normaly prevented long-range polar or-
configurations. The macroscopic system may minimize its dering. T.,, then approaches the value of the homogeneous
frustration by partially satisfying the drive for an ordering of state. Near saturation, the correlation length may reach the
the moments. It is generally believed that spin-glass behavior macroscopic scale, and T., saturates. The glassy character
is a reflection of competing interactions which lead to freez- of relaxors is then destroyed by a large applied electric field
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The static polarization of lead magnesium niobate has been studied using a standard Sawyer-
Tower circuit. The square-to-slim-loop hysteresis transition was phenomenologically modeled by
modifying Neel's equation for the magnetization of a superparamagnet to a similar relationship for
a superparaelectric. A temperature-dependent internal dipole field was included to account for
cluster interactions. The slim-loop polarization curves were found to scale to E/( T - Tf ), where E
is the electric field and T) the freezing temperature. A glassy character was subsequently proposed
to exist in the zero-field-cooled state with local dipole fields between superparaelectric moments
controlling the kinetics of the polarization reversals and the freezing process. Recent quasielastic-
neutron-scattering results have been interpreted to support this model.

1. INTRODUCTION the so-called square-to-slim-loop transition.
Spin glasses are magnetic systems that cannot establish

Lead magnesium niobate is a dispersive ferroelectric. long-range magnetic ordering in the ZFC state due to
It is characterized by a relaxation of the dielectric per- some form of a chemical or structural inhomogeneity.
mittivity, and an inability to sustain a macroscopic polar- The glassy behavior is believed to arise due to competing
ization for temperatures significantly below the permit- interactions between magnetic moments resulting in a
tivity maximum (T.). Burns and Darol l 2 have shown freezing of the magnetization reversals below a charac-
that a local polarization exists for temperatures far above teristic temperature (Tf ). Freezing has been shown to
T,, indicating that the local symmetry is lower than the occur due to random fields between clusters' 3

.'
4 and a

global. Randall et al. and Chen, Chang, and Harmer 4  competition between ferromagnetic and antiferromagnet-
have shown in Pb(Mg,/ 3Nb2 /3)0 that there is a parti- ic exchanges.'"" The FC state exhibits behavior resem-
tioning on the nanometer scale into clusters which are bling a normal ferromagnet below T", i.e., irreversibility
chemically ordered and disordered. Cross5 suggested and hysteresis.17

that the size of these clusters is such that the polarization II. EXPERIMENTAL PROCEDURE AND RESULTS
may be thermally reversible, analogous to super-
paramagnetism. 6 He has recently proposed that a cou- The samples used in this study were Pb(Mg,,.,Nb, 3)03
pling between polar clusters controls the kinetics of the ceramics with 10 at.% PbTiO3. They were prepared as
polarization fluctuations and the development of frustra- described by Pan, Jiang, and Cross." The samples were
tion near the freezing temperature (Tf), similar to spin free of aging,"8 were free of pyrochlore as described by
glasses.7 Tf was determined by analyzing the frequency Swartz and Shrout, 9 were of dimensions I X 0.5 X 0.03
dispersion of T.,, with the Vogel-Fulcher relationship cm , and were electroded with gold. The hysteresis loops
and was shown to agree with the temperature at which a were measured as a function of temperature using a stan-
stable remanent polarization collapsed. Similar phenom- dard Sawyer and Tower circuit. Measurements were
enological modeling has been used in spin glasses.8.9  made between 150 and -50"C on cooling. The samples

In the zero-field-cooled (ZFC) state the structure of were allowed to equilibrate for 30 minutes at each ter,-
Pb(Mgl/3Nb2/3)03 appears cubic indicating that the scale perature. The cycling frequency was 50 Hz, and the
of the polar behavior is smaller than the coherence length maximum bias applied was 20 kV/cm. To decrease the
of x-rays; however, in the field-cooled (FC) state the low frequency impedance, a large capacitance (10 mF)
structure appears rhombohedral. Optical microscopy re- was placed in series with the sample.
veals no domain structure in the ZFC state, but normal Static polarization curves are shown in Figs. 1(a)-I (d)
micrometer-sized domains are observed in the FC state. at measurement temperatures of -50, 10, 50, and I10 "C,
Cross'0 has investigated the field dependence of the respectively. The experimental data are the closed cir-
dielectric and elastic responses. He found the maximum cles, and the solid line is a phenomenological model,
nonlinearities near Tf. Bokov and Myl'nikova"l and which will be presented. The square-to-slim-loop hys-
Smith' 2 have previously investigated the static polariza- teresis transition is evident in the figures. The polariza-
tion. They found a large hysteresis at lower tempera- tion behavior became hysteretic near and below Tm,,.
tures, but with increasing temperature it decreased; i.e., The saturation polarization was approximately 20 C/m 2

43 8316 cJ 1991 The American Physical Society
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FIG. I. Polarization curves at various temperatures. The solid points are the experimental data and the solid line is the curve
fitting to Eq. (2?. (a)-(d are at measurement temperatures of -50, 10, 50, and I 10"C, respectively.

at lower temperatures. It was not possible to drive the impose when plotted against E/T as shown in Fig. 2 ; p is
sample into saturation at higher temperatures because obviously more strongly temperature dependent. This
breakdown occurred. Above 25 "C the remanence was so may be a reflection of interactions between polar regions.
small that determination of the coercive field was Interactions might be accounted for by including a phe-
difficult, but at lower temperatures it increased rapidly. nomenological freezing temperature. Tf has been previ-

ously estimated as 18"C for Pb(Mg,,1 Nb,/,)O.; with 10
at.% PbTiO3.' The polarization curves plotted as a

II. DISCUSSION function of E/( T - Tf") are shown in Fig. 3. It is obvious
that the polarization curves nearly superimpose.

In systems consisting of nanometer-scale ferromagnetic Interactions between superparamagnetic clusters have
or ferroelectric clusters the thermal energy of the particle
can strongly influence the macroscopic magnetic or polar
properties. These clusters are designated as super- 1.0 ,.
paramagnetic or superparaclectric, respectively. The -
magnetic behavior with no anisotropy can be described
by a Langevian function, but real systems have an anisot- 0.5 .'

ropy that acts as an energy barrier for reorientation as ,.

originally proposed by Neel.' The polarization beha'ior -4-
of an ensemble of uniform noninteracting clusters having E
uniaxial symmetry can be described by -

P =IanhE ,, -.
kah T -0.5-

%*here p is the reduced polarization, E the electric field. P
the moment of the cluster, and k Tthe thermal energy. A -1.0 • , 1 , I , , , ,

consequence of Eq. (1) is that the polarization curves at -0.1 -0.05 0 0.05 0.1

different temperatures should superimpose when plotted E/T (kV/K)

against EIT, the analogous behavior has been observed
for numerous superparamagnets. 2" 22 The implication of FIG. 2. Reduced polarization plotted a% a function of the
the superposition is that at higher temperatures it takes lemperature normalized electric field at %artou% temperature\.

more electrical energy to align the moments against the The irrm %%tiuall% illu',rate,, the direction of1' icrejasn tern-

thermal energy, The slim-loop hysteresis curves of pcrature. The polaritat ion cur~eN, ,,ho i are at temperature% of

Pb(Mg, .,Nb,,,)O, with 10 at. % PbTiO, did not super- 3X. 4,.54. 5., h o. 80,I 1°C
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-I. * , , , I .... I , , I , , FIG. 4. Reduced internal field (y=Pa/kT) as a function of
- -0.5 0 0.5 1 temperature where Tf is the freezing temperature. The inset

E/(T-Tf) (kV/K) shows the reduced remanent polarization (p,) as a function of
FIG. 3. Reduced polarization at various temperatures plot- temperature as calculated from Eq. (3).

ted as a function of E ( T - T) where Tf is the freezing tem-
perature. The polarization curves shown are at temperatures of
39, 48, 54, 59, 69, 86, 110 C. The irreversibility is believed to arise due to the onset of

nonergodicity. In particular if Sawyer-Tower measure-
ments are made hystersis is observed. 7' 27 This hystersis
has been shown to decrease with temperature,2 ' some-

been reported to alter magnetization curves. Local inter- what similar to Pb(Mgj/ 3Nb2/30O3. The scaling of the
nal Lorentz fields have been used to obtain an under- polarization to E/(T-T) in Pb(Mgl, 3Nb2/3)0 3 with 10
standing of the magnetic behavior in these systems. 23,24  at. % PbTiO3 is strongly suggestive of a glassy mecha-
A relationship for a superparaelectric cluster having nism, whereas the polarization equation of state was de-
rhombohedral symmetry including an internal dipole rived for a rhombohedral superparaelectric moment.
field follows: Binder and Young" 6 have suggested that interacting su-

Sperparamnagnetic moments should be treated as spin
sinh P E + ap) glasses. It is proposed that the polarization of the relaxor

kT is glassy due to interactions between superparselectric
=1, 1 P + moments. In the ZFC state, the lack of macroscopic po-

Cosh P( + 3 cosh P larization indicates that the moments freeze into random
kT kT J orientations devoid of long-range order. Local dipole

(2) fields may try to polarize neighboring moments over a
distance of a correlation length, as illustrated in Fig. 5.

where p is the reduced polarization, and a the internal But if the dispersion in the fields is larger than the aver-
field. The hysteresis curves were modeled by a nonlinear age field, long-range ordering is impossible. In the FC
least squares fitting to Eq. (2), shown as the solid lines in state the moments freeze into ordered configurations,
Figs. l(a)-1(d). The fitting was done by allowing the characteristic of a normal ferroelectric. A somewhat
temperature changes to be absorbed by a. P can be ap- similar superparaelectric glassy model has been proposed
proximated as Ps V, where Ps is the saturation polariza- for K, t.LiTaO3, for x =0.026.26 .......
4ion and V the cluster-volume.P s ts aproximately20
C/M, and the cluster diameter has been found to be be-
tween 20 and 50 A. 3,4 Assuming an average diameter of 2001

35 A, P can be estimated as 5X10 - 5 Ccm. A normal- E
ized internal bias (y = Pa/kT) as a function of tempera-
ture is shown in Fig. 4. The reduced remanent polariza-
tion (p,) can be approximated by setting E =0 in Eq. (2).
Nonzero solutions for p, will only exist when y >4, 0 _4
which czcurred between 10 and 20C. p, as a function of

temperature is shown as the inset of Fig. 4. The tempera- Polar cluster
ture dependence of p, was calculated by using the experi- * Fluctuations coupled
mental values for y, but close to Tf r was determined by * Glossy character
interpolation. These results are consistent with the ex-
perimental polarization. 7 "' FIG. 5. Proposed model for freezing in Pb(Mg,/3 Nb2,,)03

The magnetization and polarization of spin and dipole where E is a local internal dipole field that acts to couple the
glasses are known to be irreversible below Tf. " polar clusters. The open circles represent the polar clusters.
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E I V I strong broadening of the relaxation time distribution,2
C 4.2 - , • and the collapse of the remanent polarization. This indi-
I20- * 4.0 ,7 cates that the saturation of k at 200 A may occur by the

0 " ai1IJ -system freezing into local configurations of moment
W 15- T 3 orientations, possibly by balancing the average orienta-

10 00 ,,. . tion of nearest and next-nearest neighbors effectively
r . 3.51-'-s s scompensating the local polarization.

O- In W -Various reasons have been proposed to explain the ex-
" * istence of short-range order in dipolar glasses. The glassy

W5 behavior in K _.LiTaO is believed to arise by a cou-
W pling of the Li defect structure to a soft mode lowering

0 , the local symmetry and stabilizing ferroelectric clus-
100 200 300 400 500 600 ters. 2"33 In KCI:OH-, OH- dipoles are believed to exist

TEMPERATURE (W) that have six orientations; local dipole fields are believed

FIG. 6. The correlation length as determined by quasielastic to couple the moments resulting in glassy behavior.34

neutron scattering as a function of temperature where T" is the The low-temperature phases of RbH 2PO4  and
freezing temperature. This data is taken from Vakrushev. The (NH 4)H2PO 4 are ferroelectric and antiferroelectric, re-
inset shows the modeling of the frequency dependence of the spectively; frustrated interactions are believed to lead to
temperature of the dielectric relaxation with the Vogel-Fulcher glassy behavior in their solid solution.35

relationship where the solid points are the experimental data Pb( Mg I/3Nb2 /3)03 is probably a normal ferroelectric that
and the solid line is the curve fitting. cannot establish long-range polar order due to gross inho-

Recent quasielastic neutron scattering (QES) results29  mogeneities, i.e., the partioning (phase separation) on the
nanometer scale.5 6 Local polarization may form where

on Pb(Mg|/ 3Nb2/3)O3 revealed a temperature dependent allowed by this "fossil chemistry" via local ferroelectric
correlation length ( ) similar to spin glassesrr shown in transitions; dipole fields between moments then subse-
Fig. 6. Near 400 K, was 0 A, which is approximately quently lead to glassy behavior.
equal to the cluster size observed by TEM.' In the tem-
perature interval below 225 K, X was nearly temperature IV. CONCLUSION
independent with a maximum value of 200 A. This data
can be interpreted to support the hypothesis that relaxors Static polarization curves for Pb(Mg/ 3Nb 21 3 )O3 were
are interacting superparaelectric moments. The scale of parametrized using a superparaclectric model that in-
.supports the argument that the glassy character arises cluded an internal dipole field. Local randomly orientat-

due to random fields between moments on the mesoscopic ed dipole fields between superparaclectric moments are
level. The agreement of A. with the average size of the believed to exist in the zero-field-cooled state leading to a
clusters at higher temperatures supports the argument freezing of the polarization fluctuations. A dipole glass
that the moments are decoupled from each other behav- model for relaxors was subsequently proposed.
ing as ideal superparaelectrics. On cooling I increased
supporting the model of a temperature-dependent inter- ACKNOWLEDGMENTS
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ABSTRACT

Ferroelectric properties, electrooptic properties, and the polarization mechanisms of the

tungsten bronze ferroelctric lead barium niobate Pb,.,BaxNb 2O6 (PBN(I-x)%) solid solution

system with uniphasis on the morphotropic phase boundary (MPB) compositions (l-x.-0.63) are

the primary contents of this thesis. This study is directed toward (i) the potential applications of

the PBN single crystals of the wo rphotropic phase boundary compositions as electrooptic devices

and (ii) the improved understanding of the polarization mechanisms in lead-containing tungsten

bronze ferroelectric crystals near a morphotropic phase boundary.

Ferroelectric single crystal and ceramic samples of Pbl.xBaNb2O6 (0.25_51-x-0.84) were

prepared and examint-d duii , this thesis work. Single crystals were grown by the Czochralski

method. It is shown that in the Ba-rich PBN (prototype I,,int symmetry 4/mmm) the

polarization vector is along the c-axis, while in the Pb-rich side of the phase diagram, the

polarii,,ton vector is in the a-b plane parallel to the < I10> direction. However, over the range

where the I 1,Nb 20 6 conivat is 60 i,, 66 mole percct, it is c .t from the X-ra' ,tudies that the

two structures coexist in polycrystalline samples and appeaw nearly equal in ratio at 63 mole

percent of PbNb20 6. Dielectric constant maximum and the ferroelectric-paraelectric phase

transition temperature minimum are observed at the morphotropic phase boundary composition

where I-x= 0.63.

Ferroelectric phase relations for the PbNb20 6-BaNb 2O 6 solid solution system are studied by

measuring the dK c. ctric and the thermal expansion properties. Ferroelectric-paraelectric phase

transition in Ba-rich composition (ferroelectric 4mm - paraelectric 4/mmm) is found to be

diffuse near-second order type with small thermal hysteresis. However, the phase transition in

Pb-rich compositions (ferroelectric m2m -. paraelectric 4/mmm) is predominantly diffuse first

order type with large thermal hysteresis (-30°C). Thermal hysteresis is more promninent in
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compositions near the morphotropic phase boundary. It is found by using high temperature X-

ray diffraction that in single crystal PBN61.5 two phase transitions take place. The lower

temperature phase transition (at ,-125°C) corresponds to the phase transition across the MPB

between the orthorhombic m2m and the tetragonal 4mm phases and the higher temperature phase

transition (at -290°C) is the ferroelectric-paraelectric phase transition between tetragonal 4mm

and 4/mrnmm phases. Very large thermal hysteresis (,-70°C) is observed for the lower temperature

phase transition. The phase diagram of PBN solid solution is updated by including our

experimental data into the previously reported phase diagram (Subbarao 1959) with a curved

morphotropic phase boundary into the Ba-rich side between ferroelectric m2m and ferroelectric

4mm.

A qualitative thermodynamic model is suggested to account for the large thermal hysteresis

observed at the phase transition across the MPB. Such a model is also useful in understanding

the phase transition induced by an electric field. Very large thermal hysteresis observed for the

phase transition near the morphotropic phase boundary is an indication that the two ferroelectric

phases are very similar in their free energies.

Low temperature (10-300K) dielectric and pyroelectric properties of morphotropic phase

boundary PBN ferroelectric single crystals have been investigated and characterized to understand

the strong "Debye-like" dielectric dispersion along a nonpolar direction (perpendicular to the

polarization direction) by using dielectric spectrum techniques and a direct charge measurement

method, respectively. Significant dielectric relaxation phenomena have been encountered for

MPB PBN single crystals in nonpolar directions at low temperatures (T < 210K) and over a broad

frequency range (102106Hz). A small 'frozcn-in' polarization component has been detected in a

nonpolar direction at corresponding temperatures. There is no evidence found for ferroelectric

phase transitions at low temperature in the PBN system. Thc low temperature relaxation effects

can be successfully explained by the concept of internal-reorientation type polarization

perturbation and a thermally agitated local dipole fluctuation model.
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Optic and electrooptic properties of PBN single crystals are studied by using various

techniques. Preliminary study using elipsometry technique on the dispersion behavior of the

PBN crystals shows the crystals are transparent in the visible range without noticeable absorption

bands.

By studying the conoscopic interference pattern and the transition temperature dependence

on the bias electric field, it is demonstrated for the first time that an external electric field can

induce ferroelectric phase switching in the morphotropic phase boundary compositions from one

ferroelectric phase to the other. One of the most interesting results is that the electrically

controlled optical bistable states are possible to obtain in MPB PBN single crystals.

Optic indices of refraction have been measured using the minimum deviation technique to

reveal the details of a morphotropic phase transition in a single crystal. Optical birefringence as a

function of temperature has been measured using different techniques, particularly the Senarmont

method, and has enabled the calculation of RMS value of spontaneous polarization which is

otherwise difficult to obtain for PBN single crystals of high transition temperature (> 270"C).

The highest spontaneous polarization evaluated in this way for morphotropic phase boundary

composition PBN61.5 is of the value 47JC/cm 2 at room temperature.

Transverse linear electrooptic coefficients and half-wave voltages have been measured for

different PBN compositions. Morphotropic phase boundary compositions show both high r, and

r42 coefficients (rc2=311xl0 12 V/m, r42 =862x10 "12 V/m in PBN61.5), primarily because the

dielectric constants perpendicular and parallel to the c-direction are both large and insensitive to

temperature. In the ferroelectric tetragonal phase, the transverse electrooptic coefficient r51

(r5j = 1524x10 2 V/m in PBN57) is large and in the ferroelectric orthorhombic phase the r,

(rc2 =216x10-12 V/m in PBN65) is large. Both can be attributed to the large transverse dielectric

constants.
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The g-coefficients were derived from the electrooptic measurements including half-wave

voltage and the birefringence. Positive g3 3 = 0.0603m'/C and negative g 3 =-0.0152m'/& arc

obtained, in agreement with theoretical predictions. Overall, the g-coefficients are smaller than

Pb-free perovskites, indicating considerable electronic polarization contribution from Pb2 +.

Preliminary study on the electrooptic response behavior of PBN single crystals shows that

PBN has fast electrooptic response of the order - 100nsec (4tnogo = 50nsec has been obtained) and

is therefore a potential candidate for electrooptic modulator applications.

The transmission electron microscope study reveals the manner in which the polarization

manifests itself in the various ferroelectric symmetries. There exist only 180 ° ferroelectric domains

in tetragonal 4mm; in orthorhombic m2m, both 900 twin-like domains and 1800 domains in the

a-b plate are present. The domain microstructures are deduced for PBN compositions across the

phase diagram. TEM study in the temperature range from - 180°C to -80"C revealed the presence

of incommensurate ferroelastic domains in PBN solid solution similar to those discovered in the

other tungsten bronzes BNN and SBN. The degree of incommensurability varies with

temperature and compositions. These incommensurations exist at room temperature in both

tetragonal and orthorhombic ferroelectric phases; however, the discommensuration density is

much lower and better defined on the orthorhombic side of the phase diagram. The large thermal

hysteresis at the ferroelectric-paraelectric phase transition in a Pb-rich orthorhombic composition

can be understood by taking the incommensurate phase transition into consideration. The

discommensuration structures, however, seem to be independent of the ferroelectric domains in

the m2m phase, which indicates that the lock-in phase transition takes place at a higher

temperature than the ferroelectric phase transition.

In general, the dielectric constant, pyroelectric coefficients, and linear electrooptic coefficients

are found to be enhanced near the MPB compositions. The transverse linear electrooptic

coefficients (r5s = 1524x10-12 V/m for PBN57) are among the highest known in oxide ferroelectric

materials (e.g., r5l = 1600x10-12 V/m in BaTiO3). More importantly, in the morphotropic phase
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boundary compositions, the enhanced physical properties are relatively temperature insensitive at

ambient temperatures (much lower than their Curie temperatures), which is of great advantage for

electrooptic and photorefractive device applications.
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PYROELECTRIC PROPERTIES OF LEAD BARIUM
NIOBATE SINGLE CRYSTALS
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University Park, PA 16802 USA
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The temperature dependence of the pyroelectric coefficients of lead barium niobate Pb,- ,BaNbO
(PBN) single crystals were investigated using the Byer-Roundy technique. Pyroelectric coefficients were
found to be enhanced in single crystals of thc near-morphotropic phase boundary (MPB) compositions.
I ligh pyroelectric coefficients (336 I-C/m2-K. I - x = 0.684) and switchable polarization vectors between
the two perpendicular crystallographic directions (lII I and 11(1) in crystal of near-morphotropic phase
boundary composition (I - x = (.615) were found to be of interest for pyroelectric device applications.

INTRODUCUI ON

A most interesting solid solution in the family of tungsten bronze ferroelectrics is
that between PbNb 20, and a hypothetical end member BaNb2 06, namely, lead
barium niobate, Pb, BaNbO, (PBNtI - xJ%). -7 Ferroelectric PBN has re-
cently regained its intriguing importance because it is a lead-containing tungsten
bronze type ferroelectric relaxor with a morphotropic phase boundary (MPB) and
has potential in clcctrooptic applications. The morphotropic phase boundary in
this solid solution system separates a tetragonal ferroelectric phase 4mm (with
polarization vector along (001)) and an orthorthombic ferroelectric phase m2m
(with polarization vector along (110)).1 Since there is no coupling between the
fourfold (10011) and the twofold ((100) or (110)) axes in the prototype 4/mmm
tetragonal symmetry. tle two polarization modes adjacent to the morphotropic
phase boundary are unrelated and have separate Curie-Weiss temperatures as well
as distinct ferroelectric characteristics. Large dielectric," piezoelectric,9 and py-
roelectric (in polycrystalline samples by Lane et al.)i" properties of PBN compo-
sitions were reported and enhanced properties in near the MPB compositions were
expected.

The earlier research (before 1980s) on PBN were based on measurements on
the polycrystallinc ceramic form, primarily due to the lack of single crystals. It was
reported that pyroelectric coefficient p showed sharp maxima at compositions close
to the morphotropic phase boundary'0 with p = 270 piC/m 2-K (measured by ra-
diation healing method) for Pb 06 Ba1,,Nb2O ceramic sample. Pyroelectric coeffi-
cients of PBN single crystals of several compositions were also reported', however,
the pyroclectric properties in relation to the MPB and the crystallographic phase
transition have not yet been studied.

A comprehensive investigation of the phase relations and the polarization mech-
anisms of PBN solid solution in the near morphotropic phase boundary composi-
tions has been carried out by this group." It was discovered that close to the
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morphotropic phase boundary in a Pb-rich composition (1 - x = 0.615) the sample
actually goes through a phase transition (at T - 125*C via heating) from the
ferroelectric orthorhombic phase to the ferroelectric tetragonal phase during which
the polarization axis switches from the (110) direction to the c-axis. A PBN phase
diagram is shown in Figure I in which a curved morphotropic phase boundary into
the Ba-rich side is indicated.' It was also demonstrated optically that such mor-
photropic phase transition can be induced electrically.12 This behavior of the sample
should be studied in view of its pyroelectric properties to further understandings
of the polarization mechanisms and the potential applications of the PBN single
crystals.

In the present paper the results of pyroelectric property study will be reported
and interpreted in relation to the crystallographic structure and phase transitions
of the PBN solid solution system. High remanent polarization and pyroelectric
coefficients in compositions near the MPB were found to be particularly intersting
for pyroelectric device applications.

SPECIMEN PREPARATION

Single crystal specimens used for this investigation were prepared by the Czochralski
pulling technique. Starting from high purity chemicals, the charge was heated in a
Pt crucible by RF induction heating to the melting temperature. Crystal was with-
drawn at a rate of I to 2 mn/hour along with rotations of crucible (at - 5 rpm)
and the crystal boule (at 10 - 15 rpm). After the growth run was completed, the
crystal was slowly cooled to room temperature in 48 hours. Transparent single
crystals of the size of several millimeters ol optical quality were thus obtained even
though sonmc cracking problems occurred during the slow cooling probably when
the crystal passed through the paraclectric to ferroelectric phase transition. After
amcaling ;it 550 C for 5 hours, crystals were cleaned in acetone and then sputtered
with Au electrodes on both faces for pyroelect.ric measurements.

I-g

1 0.8 0.6 0.4 0.2
I a R e f .

500 o CERAMIC .

A SINGLE CRYSTAL
400 Parsclectric

" Ferroelectric I Ferroelectric
200 m2m 4tar

0 20 40 so so
PbNbO, Mot % of ea SoNbOs

II(tI I- i t 'hasc dtg',,r in of P , Ba.Nh.. solid solution system witht ihc phase transition ten-
pcTraurcs marked as thc% wouli appear during heating. lhe reference in the figure relers to Suhbarao
et id. (19NI6), Rcfcrcncc 7
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The composition quoted in the text, tables, and figures as PBN[( I - x)%] where
(I - x)% is the mole percent of PbNbO,, in Pb- Ba,Nb,O,, composition, refers
to the post-growth analytical composition as determined by electron microprobe
analysis. The crystal orientations used in this paper are based on the prototype
tetragonal 4/mmm symmetry unless otherwise specified.

MEASUREMENT TECHNIQUES AND PROCEDURE

A method developed by Byer and Roundy" for measuring pyroelectric coefficients
was used in this work. Essentially, a prepoled or on-site poled specimen was
mounted inside a specially designed sample holder in an air oven and short circuited
during the measurement. The pyroelectric current I was measured using a high
sensitivity (10 2 pA) picoammeter (model 4140B. Hewlett-Packard, Palo Alto,
Ca.). The heating rate dTidt was carefully programmed and controlled by computer
intcrfacing to maintain constant (usually 2 to 4°C/nain) while liquid nitrogen gas
was used as cooling media.

The pyroclectric coefficient 1 was calculated from the pyroelectric current using
the following equation:

/
p(T) = (C/m--K)

A(dTf dt)

where A is the electrode area and dTIdt is the rate of heating.The polarization can
be calculated by integrating the pyroelectric current:

) } d =A I IdT(C/im2)

In this study. all specimens were poled inside the sample holder before mea-
surement. The poled sample was short circuited at the starting temperature of the
measurement for at least 10 minutes to eliminate surface charges. In the case of
the highest temperature measured being lower than the phase transition temper-
ature. A' rather than P was obtained.

RESULTS AND DISCUSSION

For ferroclectric letragonal single crystal PBN34. the polar vector is parallel to the
I(K) II direction. therelore large pyroclectric coefficient was observed in the (m)I I-
cut crystals as sh own in Figure 2. For ferroelectric orthorhombic single crystal
PBN08.4, as evinced in Figure 3, the spontaneous polarization is parallel to the
11 01( direction therefore pyroelectric measurement on the 10101 direction yielded
large pyroelectric coefficient. As of the single crystal PBN6J,5, it has orthorhombic
synnietry at room temperature with polar -,ector parallel to the I 111 direction and
letragonal symmetry at temperatures higher than -125'C with the polarization
along t1e 1111 direction, therefore measurements on two principle directions can
give a general picture of the polarization sense in the material. Measured along
the 1101)1 direction, Figure 4, the spontaneous polarization first went through a
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FIGURE 2 Change of the spontaneous polarization and the pyroelectric coefficient versus temperature
fi-r tctragonal PBN34.
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FIGURE 3 Change of the spontaneous polarization and the pyroelcetric coefficient versus temperature
for orthorhombic PBN68.4.

sharp depoling at the orthorhombic-tetragonal phase transition (the total amount
of charge released at this phase transition corresponded to the strength of the
orthorhombic polar vector and was of the magnitude of 18 ttC/cm) and then became
relatively constant, decreasing slowly with temperature. Measured along the j(W) II
direction for the same crystal PBN61.5, as shown in Figure 5, polarization started
to build up at the temperature above the orthorhombic-tetragonal phase transition,
along with the sign change of the pyroelectric coefficient. Figures 4 and 5 dem-
onstraied the polarization characteristics in this material at compositions close to
the morpholropic phase boundary.
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in Table I (signs of the pyroelectric coefficients are omitted in the Table). The 1)
values obtained for single crystal samples are substantially higher than those for
ceramic samples from the earlier reports. t"

The decrease of polarization with temperature was also calculated from tile
pyroclectric data. However, no absolute values of the spontaneous polarization
are given because the phase transition temperatures are higher than the maximum
temperature attained in the measurements.
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TABLE I

I'yrolccctric cocflicient of IN compositiomis measurcd using Byer-Roundy method

Pbi.BaNb20 6  Pyro. Coefficient (at Pyro. Coefficient
Symmetry MaximumValue Obtained

Composition l-x 200C) ( sC/m 2 -K) (i.C/m 2.K)

0.34 Tetragonal p3=82  P3=22 -It 213 0C

0.57 'letragonal p3= 134  P3= 1250 at 2400C

0.615 Orthorhombic/Tetragonal P2= 196  P2= 5432 at 149.80C

P3= 14 2  P3=
4468 at 2400C

0.694 onhorhombic p2=33 6  -3(- at 21" 10C

*Pb0 g8Bao, 9 Nb1,9gO6  Orthorhombic 210

Results of Shrout et al. (1987), Reference 9.

Pyroelectric coefficients for PBN single crystals in polar directions increase as
the compositions approach to the morphotropic phase boundary. However, the
maximum value of pyroclectric coefficient (336 R.C/m 2-K) was observed in com-
position close to the MPB but in the orthorhombic side of the phase diagram
(l1I5N68.4) in which the dielectric constant and the piezoelectric coefficient are not
the highest""' in the solid solution system.

In P3N61.5, polarization vector switches its direction as the crystal goes through
the morphotropic phase transition. Pyroelectric coefficients in either 10011 or [1101
direction can bc high at room temperature which is unique among ferroelectric
single crystals and can be very interesting for device applications.

The reasors for the maximized pyroelectric coefficients in the near-morphotr,,pic
phase boundary compositions may be discussed as follows:

The appearance of an MPB can usually be related to the instability of one
ferroelectric phase against another ferroelectric phase upon critical composition
change. It is logical to expect that the two phases separated by the MPB are
energetically very similar but differ slightly in composition. [he mechanical re-
straints to preserve one phase against the other may very well be relaxed, or
softened, because of tht. strut. Iial instability. Hence, many physical properties X ill
bc either greatly enhanced or suppressed in near the morphotropic f-hase boundary
compositions. Remanent polarization P,_ for instance, may increase due to the
increase in magnitude of dipole displacement arising from Ili. softening of the
structure or the increase in the number of possible polarization directions. Spon-
taneous polarization of a polar state in the tetragonal phase can have two polar
directions (100lJ and 1001), and four directions (1101, 1l01, [1i(J. and (l10j) in
an orthorhombic phase. In a MPB composition, spontaneous polarization hence
can have total six possible polar states therefore high values of remanent polari-
zation and pyroelectric coefficients. Unlike a ferroelectric-paraelectric phase tran-
sition. in which the phase transition is a function of temprature and the physical
properties such as dielectric constants and the polarizatio liange drastically with
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temperature, morphotropic phase transition can take place at temperatures much
lower than the Curie-Weiss temperature and hence moderate dielectric constants
can be preserved through the phase transition over a broad temperature region.
Such a feature is considered very useful particularly in pyroelectric and electrooptic
device applications.

Spontaneous polarization and the pyroelectric coefficient in the temperature
range 10K to 300K were also studied using direct charge measurement technique.
l)etails on low temperature pyroclectric properly studies of PBN single crystals
can be found in our earlier publication.' 4

SUMMARY

Physical properties of the MPB compositions have been reported in many solid
solutions of perovskite structure.' 5 The morphotropic phase boundary in PBN solid
solution, separating two ferroelectric phases with mutually orthogonal polarization
directions has been found so far only in tungsten bronze solid solution family.
Current studies on temperature dependence of pyroelectric coefficients of P1BN
single crystals showed that the pyroelectric property is optimized in PBN crystals
of the near-MPB compositions and large pyroelectric coefficients in either per-
pendicular or parallel to the c-axis can be obtained in PBN61.5 composition. The
MPB PBN compositions are therefore interesting for pyroelectric device applica-
tions.
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The Pennsyvania State University. Materials Research Laboratory, University Park, Pennsylvania 16802

(Received 4 January 1991; accepted 10 April 1991)

Transmission electron microscopy (TEM) has been used to explore details of the
structural phase transitions and corresponding microstructural features in the solid
solution of Pb1 _,BaNb2O6 (PBN) tungsten bronze ferroelectrics at compositions
embracing the morphotropic phase boundary between orthorhombic and tetragonal
ferroelectric phases. In addition to the ferroelectric domain structures that were consistent
with the expected symmetries, incommensurate ferroelastic phases were observed. The
"onset" and "lock-in" transition temperatures are a function of the Pb/Ba ratio, and for
lead-rich compositions it appears that the incommensurate distortion may occur above the
ferroelectric Curie temperature in the paraelectric phase.

I. INTRODUCTION of Aizu and Shuvalov.6"7 The tetragonal states exhibit

The tungsten bronze structure and only 1800 domain walls, while in the orthorhombic

phase transitions ferroelectric states both 1800 and 90* walls occur.
In 1981, Schneck et al. reported incommensurate

The tungsten bronze structure family is probably satellite reflections in the tungsten bronzes Ba 2NaNb.O 1 5
the second largest family of known oxygen octahedron (BNN) and Sr 2KNbOts (SKN). s- t | At present many
based ferroelectrics.' The structure that has tetragonal crystals are known to have incommensurate phases.
symmetry in the paraelectric phase is defined by corner These incommensurate phases are periodic but their
linked oxygen octahedra, and the section normal to periodicity is not fixed by a three-dimensional lattice.
the tetragonal c axis is shown in Fig. 1.3 Chemi-
cally, it may be described by a formula of the form
[A I(A2) 2C2 ][ B 1 (B2)4 1Ots, where combinations of larger
monovalent (K', Na' , Rb*), divalent (Pb 2*, Ba2 ', Sr',
Ca 2'), and trivalent (La+', Eu+', Gd+3 ) and similar ions
occupy the square and pentagonal shaped tunnels, Al r -

and A2 sites (Fig. 1). Only very small ions such as Li* A2

can occupy the small triangular channels, C-sites, and %
small but highly charged cations such as Nb"+, Tas', Ti ,  Al

Zr", etc. occupy the octahedral BI and B2 sites. Fre-
quently, in consistence with charge balance, not all sites % [1- 10
are occupied, and the very large variation in cation radii L J1-t0o,
leads to many complex end member compounds and (/01
innumerable solid solutions, which satisfy the conditions
to support ferroelectric phases. 4"s  % (100o0

In spite of the immense chemical flexibility in the t_,Tu_
tungsten bronze structure systems, only two types of Crystolorophicl Number of Number of

ferroelectric phases are known. In terms of the point Site Coordinatione Positions

symmetries the paraelectric prototype form is always in Al 12 4
point group 4/mmm. In the orthorhombic ferroelectric A2 2
form the spontaneous polarization P. is along one of the
twofold axes (O01)p (of point group mm2) or (110)p 1i 6 2
(denoted as point group m2m) where the suffix indicates
that the orientation refers to the original prototypic axial 12 6 6

system (see Fig. 1). In the tetragonal ferroelectic form c 4,

the symmetry is 4mm and two domain states have P.
oriented along 100lp and 10011,p. Both orientation states FIG I The generalized crystallographic structure of tungsten bronze
are fully consistent with the group theoretical prediction c-mr,,,-,,,,ns with the indicated A. B, and C sites.

1720 J. Msr. Re., Vol. 6, No. 8, Aug 1991 r gg Materials Research Society
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Incommensurate periodicity can be due to a number TABLE 1. Phase transitions in BNN.

of different phenomena such as atomic displacements Paraelectic

or occupancy of cations or anions." The origin of 4/mmm
incommensurability in the tungsten bronze family is pre- Paraelasuc
sumably associated with the displacivc structural change +58o °C
owing to ferroelastic octahedral tilting.'Ot IS  Paraelastic

Many of the displacive incommensurate struc- 4mm

tures 'lock-in' to low temperature commensurate Ferroelectric
superstructures.tS '19 The degree of incommensurability, Ferroelectnc + mixed incommensurate ferroelastic +

6. reduces to zero at the lock-in transition temperature. phases lq and 2q
The incommensurability parameter, 6, is defined as +.so °c
the ratio of the difference between the distance of Quasi-commensurate ferroclastic
two adjacent superlattice reflections (x - y) parallel Ferroelectric (mm2)

to (100)p divided by the total distance between those Other phases reported t"

points (x + y).
b = X- y (1)

X + y phase is more stable at the higher temperatures. At the

Thus at lock-in there is an equal and rational spacing be- lock-in temperature, TL :t 250 *C, there is a reduction

tween these superlattice reflections and matrix reflections of the incommensurability parameter, 6, to develop a
giving 6 = 0. Corresponding microstructural changes quasi-commensurate low temperature state. The loer

also take place in the crystals close to the lock-in transi- temperature phases are not fully understood at this time

tion; commensurate domains within the crystal begin to and are still topics of debate.t8The Pbi...Ba:Nb2 O6 tungsten bronze compost-
grow. These commensurate domains can be out-of-phase T e here are of s terestong coir

with each other, and at a place where two domains join, tions studied here are of special interest owing to their

a wall known as a discommensuration may be formed. potential application in a bistable optical switching de-
The discommensuration density, D, is inversely related vice. The ferroelectric phases are tetragonal (4mm) or
to the magnitude of the incommensurability parameter. orthorhombic (m2m), depending on the composition.t 9-:0

6; i.e., as 6 - 0, Du-e h .e 2 However , there are As can be observed from the phase diagram,21 Fig. 2.

some exceptions to this behavior where the incommen- the Ba-rich side is tetragonal and the Pb-rich side is

surability locks-in to a so-called 'quasi-commensurate' orthorhombic. These two phases meet at a morphotropic

state, and the tungsten bronze family appears to be of phase boundary close to PBN: I - x = 0.63. This

this type. In the case of the tungsten bronzes BNN, morphotropit )hase boundary is curved, allowing a first

SKN, and SBN [(Sr, Ba)Nb2O 6). incommensurability order tetragonal -. orthorhombic phase transition to

reduces to about 6 -z 1% but does not go to zero; a occur for a few restricted compositions close to this

quasi-commensurate structure exists along with a low boundary. In these crystals the phase change can be

density of discommensurations. Reasons for this are still
not clear, but point defect pinning the motion of the 1 -

during growth is a popular 1 0.8 0.6 0.4 0.2
.,,t,~~~~ 0gs Re. oIaf. 2

The majority of the detailed work on the incommen- 500S- o CERAMIC

surate tungsten bronze phases has been on Ba2NaNbsOts A SINGLE CRYSTAL--15171 Paraelectric
(BNN).'' 5  s The suggested sequences of phase tran- 400 -a/
sitions in this crystal are summarized in Table I. (4

Table I shows a generalized summary of much 0- 3O0-
of the work on BNN, but many uncertainties remain. cc -ta Ferroetectric Feirroelectrie: "
There is, however, agreement that two incommensurate a 200 t Fret
phases exist. namely lq and 2q. The lq phase is an W
orthorhombic phase with a modulation existing along too
a single direction, whereas the 2q phase corresponds
to i tetragonal symmetry and there exist modulations 00 20 40 60 8o
in two perpendicular direLtions. These lq and 2q PbNbaOs  Mot % of 930 BaNbO,
phases are well illustrated in a study on BNN by Barre
et aLI5 The lq phase is stable over 2q for the lower FIG. 2. Phase diagram of the tungsten bronze solid solution

temperatures in the incommensurate phase range. The 2q Vh, _,Ba,.Nb2O 6 over the range 0.2 t - .0.'
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effected either by changing temperature or by applying firing, crushing, pressing, and firing. The specimens vere
an appropriately oriented electric field. Hence, it is prepared in the form of disks -10 mm in diameter and
possible to electrically switch an optical indicatrix from -1.2 mm thick. The final sintering times and temper-
uttiaxial to biaxial symmetry. atures, which depended on composition, were between

Until recently these tetragonal and orthorhombic 1280 'C and 1320 °C for I to 6 h. To compensate for
phases were believed to be the only ferru,.lectric phases PbO loss during the calcination, 3 wt. % of excess PbO
existing within the tungsten bronze family; however, a was added. Well-reacted PBN ceramics with 94-99%
study of dielectric and pyroelectric properties at low theoretical density and 3 to 6 wm grain size were pro-
temperatures has shown additional anomalies. 2 ,

23 These duced. The composition chosen for TEM study was
anomalies, as shown in Fig. 3, are very reminiscent of Pbl_,BaNb2O6 , where (1 - x) = (0.75, 0.65, 0.61,
the relaxor anomalies found in many of the complex 0.60, and 0.25).
lead perovskites such as Pb(MgI,,Nb2 ,/)0 3 . 4 These Single crystal specimens were prepared by the
anomalies were found in the PBN single crystal plates Czochralski growth technique. Starting from high purity
of the compositions close to the morphotropic phase chemicals, the charge was heated in a Pt crucible by RF
boundary at temperatures well below the paraelectric induction up to the melting temperature. Each crystal

ferroelectric phase transition. The dielectric constant was then withdrawn at a rate of I to 2 mm/h along with
measurements were made perpendicular to the polar axis. constant rotation of the crucible and the crystal boules.
The present understanding of these relaxor anomalies The crystal was slowly cooled to room temperature in a
in the PBN are small thermal agitations of the polar time period of 48 h. Single crystals several millimeters
vector about the polar direction, but this still has to be in size and of optical quality were achieved even though
substantiated. In addition to these transitions we also some cracking of the boule occurred during the cooling
have reported the presence of incommensurate phases procedure, probably when the crystal passed through the
within the PBN.2  paraelectric to ferroelectric phase transition.

The aim of this paper is to study and classify the TEM thin sections were prepared by grinding and
various domain microstructures existing in the PBN polishing to -50 pm and then ion-beam thinning of
tungsten bronze system. The incommensurate ferro- the samples after being mounted on 3 mm copper grids.
elastic phases are described and are found to vary Transmission electron microscopy was performed on a
with composition and temperature. The microstructural Philips 420 STEM, and a double-tilt liquid nitrogen cold
and crystallographic features of these terroic phases stage made by Gatan was used for low temperature
within the PBN are related to macroscopic anomalies analysis, -168 C < T < 80 *C.
in dielectric and optical properties. Ill. RESULTS

I. EXPERIMENTAL PROCEDURE2S The tetragonal ferroelectric Pbo.25Ba0 .75Nb2Q6 (PBN:

Ceramic specimens were prepared from high purity 1 - x = 0.25) was studied at room temperature to liquid
chemicals using conventional techniques of milling, pre- nitrogen temperatures. Typical 180 or inversion domain

boundaries are observed with dark-field imaging of the
.15 1 T 1 1 3000 diffraction vector, g = (OO1)p, as seen in Figs. 4(a) and

. OH t 4KNz (10 4(b). The contrast of the 1800 regions in neighboring
IOKHz domains is the result of the noncentrosymmetric nature

.1 . of the crystals. The diffraction intensities of hkl and hkl
10- are not equal, and hence there is a contrast difference. 6

V cc The orthorhombic phase (m2m) compositions
oJ 2000 . Pb 1 1 x BaNb O6 (PBN: I - x = 0.65 and 0.75) were

\ % studied. The orthorhombic symmetry is the result of
.- .05.. Nb-O displacements in the (110)ef/(010)o directions.
aJ W This gives rise to 900 twin ferroelectric domains on

w (100}p//(110}0 habit planes and also 1800 domains
a 5 with no fixed habit plane. Selected area diffraction of the

1-OO o01000 900 twin domains shows electron spot splitting parallel
TEMPERATURE (C) to the diffraction vector g = (I10)o, as observed in the

inset of Fig. 5(b). Also, Q-fringe contrast is observed
FIG. 3 Typical low temperature anomaly in the dielectric constari

in Fig. 5(b). marked "a", and these correspond to an
perpendicular to the polar direction in PBN single crystals with com-
positions close to the morphotropic phase boundary (I - x = 0.57). inclined 1800 domain wall.'
Note the strong frequency dependence in dielectric permittivity Compositions of PBN near the morphotropic phase
and loss. boundary were also chosen for study with PBN:
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(a) (a)

(b)
(b) FIG. 7. PBN (001) electron diffraction pauems: (a) PBN: 0.75 at

FIG. 6. (a. b) Micrographs of domain structures in PBN: I - z room temperature and (b) PBN: 0.25 at room temperature.
0.60 composition ceramics. Both (a) and (b) show a mixture of 180*
fenoelectric domains and a fine textured discommensuration structure
marked "a.

These incommensurate superlattices have various de-
structured Sr,, 2Bal, 2Nb2O6.t In their study they found grees of incommensurability, as determined by the
additional superlattice reflections appearing at lower 6-parameter and the dark-field imaging of the dis-
temperatures - -150 °C; no such superlattice reflections commensurate structures. Figures 8(a), 8(b), and 8(c)
were found in this study on PBN at any composition, show three room temperatures [ lIOp zone axis electron
between 0.25 < (I - x) < 0.75, and to temperatures as diffraction patterns, for compositions PBN: I - r =
low as - 170 *C. 0.25, 0.60, and 0.75, respectively). The respective room

At the outset, we stated that PBN compositions close temperature incommensurability parameter is 6 = 17%,
to the morphotropic phase boundary have an additional 6%, and 2%. Hence the orthorhombic, PBN: I - r -
low temperature relaxor-like anomaly in dielectric and 0.75, lead-rich composition is at room temperature
pyroelectric studies.2 -3 In this TEM study no evidence in a quasi-commensurate state. This can also be
of domain superlattices or satellites could be associated observed from corresponding dark-field images of the
with this phenomenon. The reason for this is most likely incommensurate spots. The dark boundaries, marked "b."
that the temperature region studied by TEM was not are discommensuration structures in Fig. 10(a). We will
sufficiently low to freeze in the micropolar regions."27.2 discuss this figure in more detail below.

In addition to the commensurate superlattice reflec- The PBN: I - x = 0.61 single crystal is incommen-
tions, (h + 1/2, k + 1/2.0}p, there are incommensurate ,urate and its 6 parameter changes from 6% al ro )m
superlattices also present in the PBN compositions. temperature to 4% at -140 C. The room temperturi
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(a) (b)

(c)

FIG. 8. Comparison of PBN (110) electron diffraction patterns at room temperature. PBN: I - z = u)0.25. (b) 0.60. and (c) 0.75. respectively.

discommensurate microstructUre is Shown in Fig. 9(a), ferroelastic switching is obtained by local heating of
and is similar to discommensurate structures in the the electron beam that gives rise to strain gradients
mixed 2q and Iq phase, as observed by Banfe et at, in owing to thermal expansion. These straint gradients
BNN."5 The discommensurate microstructures in PBN are believed to be strong enough to switch the ferro-
compositions change easily close to the morphotropic elastic domains. Figures 6(a) and 6(b) show finely
phase boundary. It is easy to switch to a finely textured aligned discommensurate structures co-existing with
discommensurate microstructure during the electron 1 80' terroelectric domains. The aligned discommensu-
microscopic observations, as seen in Fig. 6(b). This rates are parallel to the diffraction vector g = (110)p
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(a) (a)

r O.15pm

(b) (b)
FIG, 9. (a) Room temperature discommensuration stnzcture of single
crystal PBN: I - z = 0.61; (b) shows the dark-field diffraction FIG. 10. (a) Distommensuration and terroelect-ic microstructures in
condition and also evidence of streaking of the incommensurate PBN: 1 - z = 0.75, Note that the discommensutation microstructures
superlattice reflections (see inset). are independent of the fenroelectnc domains; (b) shows discommen-

suration node stncture.

or (100)o. The diffuse !.greaking along (100)o in the
diffraction pattern Fig. 9(b) is thought to be related to
the fine textured discommensurates, as it is perpendicular IV. DISCUSSION
to their habit and observed only when they are present. The PBN solid-solution shows a complex mix-

Returning to Fig. 10, a number of important features ing of ferroelectric and incommensurate fertoelastic
are to be noted. The discommensurate structures are phase/domains. The incommensurate phase and ferro-
aligned parallel to (010).. Also, the discommensurations electric phases are sensitive to composition. Different
are continuous across 900 and 1800 domains. This im- incommensurate parameters, 6, are found at room
plies to us that the 'lock-in' incommensurate transition temperature along with different discommensuration
was independent of the ferroelectric transition. This structures and densities.
complex domain configuration and phase mixing can One of the most surprising results deduced concerns
be possible only by the lock-in transition occurring in the lock-in transition in the orthorhombic PBN compo-
the paraelectric phase, which is not the case with other sitions. With the discommensurate structures showing
tungsten bronze phases Also, from the discommensurate continuity through the ferroelectric 1800 and 900 domain
configurations a phase shift of ?r/2 in the modulation can structures, one has to conclude the quasi-commensurate
be determined by the fourfold node lines; this is similar Ittck-in occurred before the paraelectric -. ferroelectric
to findings in BNN and 2H-TaSe 2.' 4 -n tran% Ition. This is not the case with the previously
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studied SBN and BNN tungsten bronzes, which have 2i0 0C
the sequence of transitions found in Table I1.

To confirm our conclusions about the departure
from the previous trends of phase sequences known in
tungsten bronze, we made an additional study on the
temperature dependence of the bilrefringence in PBN A

single crystals.25 Figure 11 shows the transmitted in-
tensity variation as a function of temperature during a
cooling run for PBN: I - x = 0.65 of orthorhombic 'Ns'
symmetry. Besides a first-order-like phase transition CwfoCIA 322 3.C40

184 236.5 29 475 0(at -213 *C during a cooling run) that corresponds reow~foue MC
to the ferroclectric orthorhombic m2m to tetragonal FIG. 11. Transmitted int, rity r-,7otded as a function of temperature
paraclectric 4/mmm phase transition, a continuous or in a cooling run for PB!' 0.65 sinc' rYstal i esr
rather smooth but unambiguous phase transition can the bireffingence. The light (A =633 am) prc' . ed perpendicular
be detected at temperatures near 322 *C during both to both the 10101p. and the 10011,p directions.
cooling and heating runs. No prominent dielectric anom-
aly other than a small kink has been observed in this With the orthorhombic compositions 900 -twin and
temperature region. We thus suggest that this anomaly is 1800 inversion ferroelectric domains were observed.
the incommensurate transition as inferred by the TEM A ferroelastic incommensurate phase is found to exist
domain microstructural observations. As we know that throughout the phase diagram. The degree of incom-
incommtensurate phase transition is always a second mensurability varies with temper.:,'!re and composition.
order,' it is not surprising to us that the birefringence, Djscommensuration rructures arc observed and a ir/2
being a polar second rank tensor property, is more phase modulation 1, deduced from the micrographs.
sensitive to the onset of incommensurate modulations From the combinet; TEM and birefringence study
than other techniques such as dielectric measurements. of PBN it is suggested that the quasi-commensurate
Further results regarding the optical studies will be 'lock-in' transition occurs within the paraelectric
found in later papers."t For the Ba-rich compositions phase in compositions (I - x) > 0.63, making the
the incommensurate lock-in phase transition is beow orthorhombic PBN different from previous ferroelectric
the paraclectric-ferroelectric transition and corresponds incommensurate behavior in the tungsten bronze family.
more closely to the phase sequences in I3NN and SBN
tungsten bronzes. ACMroWLEDGM ITS
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ABSTRACT

The unique characteristics of the solid solution (l-x)Pb(Scl/2Tal/2)0 3-(x)PbTiO3

make it an interesting system from both a theoretical and practical point of view. A

variety of compositionaly and thermally "adjustable" states of stuictural ordering. Curie

temperatures, and material properties are accessible for these materials, making them

attractive for many device applications as well as a useful model system for further

exploring the fundamental nature of relaxor ferroelectrics. Selected compositions from

the system have been prepared as ceramics, characterized, and subjected to various

property measurements. Two structural phase boundaries have been identified between

three main lower symmetry ferroelectric phase regions. Materials from each of these

regions possess different states of structural ordering and exhibit distinctive ferroelectric

behaviors. Structure-property relationships are highlighted for compositions representing

each region and a preliminary evaluation of the material for pyroelectric device

application is presented.

The (1-x)Pb(Scl/2Tal/2)O3-(x)PbTiO3 ceramics were prepared by a conventional

mixed-oxide method involving the use of high-purity starting compounds, a precursor-

phase formulation, and controlled lead atmosphere sintering. Compositions were selected

from across the entire range so as to represent all phase regions occurring in the system.

Each composition was calcined at 9000C for four hours and then at 1000°C for one hour

with an intermediate comminution step. Compacted specimens of all compositions were

then subjected to firing at 1400 0C for one hour within sealed crucibles containing

Pb(ScI/2Tal/2)03/ PbZrO3 source powders. Specimens with compositions [x!0.1]

required a second higher temperature sintering at temperatures in the range [1500-

1560*C] depending on the composition. Those specimens for which the degree of

ordering could be varied by post-sintering heat-treatment were annealed in a sealed
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system with a controlled lead atmosphere so as to allow negligible lead loss during the

ten-hour period required to order the material.

Four distinct phase regions were identified in the system: (I) a high-temperature

cubic phase, below which there exist, (2) a rhombohedral (pseudocubic) region of

variable order/disorder [VOD] in the composition range [x=0-0.0751, (3) a structurally

invariable rhombohedral (pseudocubic) region in the range [x=0.1-0.4], and (4) a

tetragonal region extending from [x--0.451 to [x=l.0]. Boundary regions separating the

three lower symmetry phase regions were defined where the VOD phase boundary was

determined to lie in the composition range [x=0.075-0.1] and the morphotropic phase

boundary [MPB] between [x--0.4] and [x=0.45]. It was noted that the extent of the VOD

phase region and, hence, the position of the VOD phase boundary may well depend upon

the annealing conditions imposed and, therefore, the structural features reported for the

system in this compositional range reflect only the nature of materials produced under the

preparation conditions applied in this study.

A range of ferroelectric behaviors was observed for materials representing each of

the three non-cubic phase regions, each of which was correlated with the coherence

length of the ordering present as determined by means of electron and x-ray diffraction.

It was thereby shown that all three of the nanostructure-property classes defined in the

classification scheme of Pb-based perovskites described in Section 1.1.3 are represented

in this system.

Preliminary investigation of the nanoscale ordering occurring in as-fired

specimens by means of electron diffraction indicated the presence of short coherence

length (20-800A) long-range ordering up to [x-O.3] as evidenced by the presence of the

"F-type" reflections associated with the ordered superstructure. The steady decrease

observed in the intensity of these spots with increasing x reflects a decrease in the

coherence length of the ordering. Estimation of the order domain sizes in annealed VOD
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materials by means of x-ray diffraction utilizing the Scherrer expression (Equation 1.11;

Section 1.3.1) yielded average order domain sizes greater than IOOOA for all of the

annealed specimens.

Dielectric hysteresis was observed for all compositions [x=0-0.4]. As-fired

materials from the composition range [x=0-0.41 were observed to display relaxor-type

dielectric behavior which becomes more normal on approaching the MPB [x=0.4-0.45]

beyond which the response is essentially that of a first-order ferroelectric. Both relaxor

and normal first-order type dielectric responses were found to occur for VOD

composibdons with the as-fired materials showing the characteristic diffuse and dispersive

responses typical of a relaxor and the annealed specimens exhibiting more sharp, first-

order type behaviors. The dielectric behaviors exhibited by as-fired and annealed

samples under a biasing field of 5 (KV/cm) were also observed to be those typically

associated with relaxor-type ferroelectrics and normal first-order ferroelectrics

respectively. The general features of the temperature dependences of the remanent

polarization, Pr, and the 100 KHz reduced RMS polarization, P(100K), observed for the

VOD compositions highlight the nature of the polarization as it relates to the degree of

positional ordering present; it becomes evident that even for the annealed samples, for

which relatively high degrees of long-range ordering are achieved and near-normal first-

order dielectric responses displayed, some "glassy" polarization character is retained.

The depolarization curves of the remanent, Pr, and 100 KHz reduced RMS, P(lOOK),

polarizations for compositions [x=0.1-0.41 showed relaxor-type tendencies with a trend

towards a more normal first-order type response on approaching the MPB region.

A preliminary evaluation of the pyroelectric response has been conducted in this

investigation for selected (l-x)Pb(Scl/2Tal/2)03-(x)PbTiO 3 compositions in order to

determine the most promising materials for thermal imaging applications and to roughly

establish the optimum operating conditions for those which exhibit the highest figures of



vi

merit (defined in Section 6.1). The relatively high dielectric constant coupled with the

moderate values of the pyroelectric coefficient below T(max) for all the compositions

considered results in a low voltage response [Fv] making them not particularly weil-

suited for large area device applications. These materials do, however, show detectivities

[FD] adequate for potential use as point detectors. The VOD compositions, in particular,

appear to be promising candidates for field-stabifized pyroelectric devices.

The detectivities for as-fired and annealed [x--0.025] and [x--0.05] compounds

were evaluated under a DC biasing field of 5 (KV/cm). Some enhancement of FD was

observed at this field strength for the as-fired specimens which even under unbiased

conditions exhibited stable responses over an extremely broad temperature range [T -C0-

70 0C; Figure 6.8]. The peak FD of the annealed [x=0.025] material [FD(max)=16 (10"

Spa-1l2); Figure 6.9(a)] was observed to occur at --20C and showed a much more marked

enhancement under DC bias than its as-fired counterpart [FD)(max)-2.5 (10"5 Pa'l/2);

Figure 6.8(a)]. The effect of the biasing field on the annealed [x=0.05] material was less

dramatic with respect to the peak FD attained [FD(max)-6.3 (10 5 Pa-1l/2); Figure 6.9(b)];

however, similar to the as-fired materials, this material exhibited an enhanced detectivity

over a broad temperature range above T(max). These preliminary results, obtained under

modest field conditions, have indicated that the materials from the VOD composition

range are highly variable in their performance, both with respect to the maximum

response achieved and the breadth of the temperature range over which a stable response

is obtained.
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The pyroeled nic response (if seledied comlpositionls from i his solid Solttt jolt systetl htave beent imtes i -
gatted. Th le nture of thle temnperaltte dfependetice oif file pyrockl ei coefficientl or Ifie coilllpot lu Iills
exatmtillct intdicatte lite pi usunce ol a icIatively lbioatdtl cutrvedl litpht dopic phtase tiotttlta ry . Il = ().3-
0.451. IThe htigh valtics of ;iytoclectnic cjtctlicielil achievahle, ill Particillar for low .x Compositions I =
01-1).11. suiggest poleitiai ajtplicatititt di ese mtaterials as highly elficiet and versatlile lteld-staluilized
dev ices.

INTRODUCT'ION

,rue unliqule characteristics of thie solid solution ( xlbS 1 a 1 2 0-x)Ibi
make it an interesting system tioni both a theoretical and practical point of view.
A variety of comfpositionlally and thermally "adjustable" states of (dis)order, Curie
temperature, and dielectric and pyroclectric properties are accessible for these
materials making thteum attractive for many device applications as well as a useful
model system for further exploring the fundamental nature &l relaxor ferroelec-
trics.' The pyrocicciric properties of various compo-Ksitions have beeni examined in
this investigation in order to helter define lte structural phase boundaries in thle
system and to make a prelinminary evaluation of the potential usefulness of lte
mtaterial in pyroelectric device applications.

SAMPLE PREP5ARATION

Ceramic samples of (l-x)Pbl(Sc,,2'l'a1 )O.,-(x)'IbTiO3 IX: 0, 0.0)25, 0J.05, 0).1, 0.3,
0.4, 0.45,401.5 were prepared by a conventtional mixed oxide technique employing
the wolfraniite precursor nicthod2 in order to reduce lte occurrence of undesirable
pyrochlore phases. Starting oxides of Sc,0,i and *Fa2 O5,t were batched and double
calcined at I 4(K)C for 4 hours to form life wolfrainite' j ScTaO.,j precursoir phatse.
The compositions of interest werc then formumlated from PhsO0l 'li0,, t a tid Sc] a04
ball milled with zirconia media for -6 hours and subjected to double calcinal ion
in closed alumlina crucibles at 91X)'C for 4 hours and l(XJ 0C for I hour. Pellets

t I'M( liolimtt I~mlc-Iicil clnlg I K-Gradle All; 5cC) Illttlde cniliic Co. -99'.t4t ;
laO I lermtanit ( Sianek (BIli liin)-Slaitd. ((p1. ( jadel I iO. I Aesan (Jotltisoit KNiittc) Ilt.)Itt

9
S

157



J. It. (3INIIEWICZ. A. S. III IAILAa.nd L. E. CROSS

I L.25 cinl inl diamecter wet e fornied anid sinteted tin sealed crucihies at I ()'C
I 500')C It of pjiods of 10.5 - 1 .5 hourl SependICI~ing Oil t heSalitl)le eOIttpOSiiioit . SOU ICC

powvders of P)( SC1 ,Ta ,2)()* and Pb)ZrO 1. werc used to utaintainl a suitable P'h
attiospliete within thie crucibles. Total weight loscse after sintiting were typically
s_ Ic% for compositions i. > 0. I I and somewhat highecr, 2-5%/, for those Witli Ix
:S 1). 11 fbr which the higher sintering temperatures were required.

Saml es of comlpositiol 10 !5 x :s0. 11 weie disordered its sintced. Odrdecd
matem talsl 1in~s compilosil loll range were inepajed by post-sinteringlheat treatincit.4

Th icSamp le was emibedded ii l'b( Sc,11jFa,,,?)O source powder anid entclosed iii a Nt
VIcTihc11W. I11wl'lwalle sanll was thien sealed iii an alumitta crucible Withi

l'h S~ ;l )(), aiid l'l,( ), sources md~ aiililed at l(J)(' for 101 hours. No
sigiiilicant %%vight loss -%vas observed lor anly of tile Samples alter ailiealinig.

I lie degi cc tit long-mange structial ilideling Was determnied for 01 deied coinl-

positio ns by 11 ta tis of' X-ray dif l-act ioul USing at Sci ot ag a utwma ted X-ray di ffracto-
Ii ct cr. (ut Ka i-ad ia Iit i Was cm ph wed. The long-range i-dcer is typically ev~alIua ted
lot ltSc a1 -O materials ill terms of the relative intensities of file superlatticc/
itoritt1al i-eflct'm pailrs 11112WK anid 311/I222.-"

Specimnts lor pvroelectric anid dielectric measurement were cut as plates fioni
lie siiced disks Witlli dieiltic samples typically 10J.75 ci onl edge an~d 1(I. 15 cmu]

iii thickness and pyroclectric samplles, 1(0.4 ctul ott edge and 1(l.025-0.013 cmj inl
thickness. Satmple surfaces wvere sputtered Withi gold and silver contact poiitts ap-
pliedl.

INSTIRUMNTNATION

The 1)lcicoire."poilse was mteasuired by a niodified Ilycr-Roundy method.!' hue
Specimien was initially poled withiil a tempetatwle chiamber jmodcl 21th, Dl~eta
I )Csigtt. liic.1 i nar tile tranlsitionl lemttpcrature tider a pinmg field of 1201 ( KV/cm)l
lot 15 niimitcs and cooled Witlitthe field applied to = -07 'Flu Te politig field
was theti m etnved. A desk top coniputer 11VModel 98 10. H ewlett Packard, I ie. I was

-W . do- Ilectl tic -kti i t data collcteId b~y at picoattmeter (Model 414011,
I lewlctt Packatd. Inc. 1. Pyroelectrie coefficients atnd depolarization curves were
subISequtIlly Calculated froti tile jpyroectric current data.

I he dielectric coiistanlt and tamm(1)) were tmeasuted as a function of temperature
alld lrcquicmicy usilg an alltoniatLd system cotnsistinig of an oimvein [Model 23(K), D~elta

IDesign., Inci. 1. ant LCR meter I rvodcl 4274A, I lewlett Packard, I nc.J1. and a digital
imulituteter imtirlaced Witli I desk top) Computer [Model 9816, 1 lewILUt Packard.
I lc. 1. Dielect ric runus were made over a ratnge oft 150- + 2600T]1 and at frequencies
IOU) I Iz. I Ki Iz, 10 KI lz, and 100 K 1(lz.

RESULT1S

Tlhe el cle of increasinig Ti-cotutent onl tile pyroelectric response of tlic material.
as tuattiteSted. IIinte tentpeirature dependenuce of the pyroelectric coefficictul is
Shown inl I igu mes Ia- C). Thie chanige iii tme shape of p( F) as well as lie positionis
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"AILL I

I'\ ld tic l ,th.d (icicci tic pilletlics of (I -.V)ll :'(iSC . , a I, ( ) 1 )ft(jliO, c(11ttpsihliiln.

Ills) pq1 ) T I$2) r K(ona%) T ID(rutn) T
- .liml -q It K)Izl II KIIzjIC'/112) ( 1'I 2 K) (I C (/ 112 K) (I°C) M° ) M° )

0.31 0.023 -1 18200 7 0.07 0

0.025 0.18 0.004 -56 0.(2 -6 11300 10 0.08 -30

0. 02; 1 0.28 0.021) II 7400 17 0.05 4

0.05 11.34 0.005 -23 U.AW4 tO 14000 29 9.08 -8

0.0 1 " 0.27 0l.013 16 11300 26 0.07 II

). I 11.39 0.024 20 23000 38 0.08 24

113 0.024 123 0.02 185 26000 136 0.15 124

0,4 0.43 0.0103 157 01.112 11 28300 18 ) .

Jl;J 0., ,. 1) 11 2 f 1' 221100 208 11.06 2 14

I IV.1lly Oidc'lo'

I1(1p)I olld miagniludes o.f the pyroecetric coefficient peaks [T'able iL, Figure 31 are
seel) Io vai) signsficiitly throughout the composition range investigated. Reason-
ahl, y slhai it jeaks atc observed for the comuposiliolls rcpresented in Figure )(a) Ix
= (-. 11 with a steady increase ill the temperaturc of the pyrocluctlic coefficient

aiximun. I"II). and an initial increase in the Inagnillde of p(T) i1able 1) followed
by a sudden decrease in the maximum and sonic broadening of the peak for the
ordered Ix = 0).051 composition. The shape of p(T) reflects the onsct of the
morpholropic phase boundary INM1P1] I)clwecn the rhombohedral and tetragonal
phascs of the system at about Ix = 0.31 with the appearance of a second higher
temperature peak which persists through Ix = 0.41 lFigure I(c)j. This corresponds
"ell witlh pievious delerminalions of the general range of the MPB by means of
rtol1 te(ilicratume x-ray diffraction and dielectric measurement' and further in-
dicates a curvature to this Ioudary. The appearance of a second higher temper-
alurc '(lT) peak for the cIx = 0.31 collpositioln ill Ihis study anod the persistence of
a shouldl to that of the Ir = 0.451 composilion, however, indicate a slightly
bioadcr range of compositions over wich the MI'B extends Iian was fireviousy
observed.' I ligh temperatutc x-ray diffiaction investiga ions arc currently underway
to bellcr refine the breadth and curvature of the MPIB region.
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TABLE 11
Pyroclecric figtircs (if merit ( rscTh)O()tWOcompslions.

T PK1) 1(1 F))

(* ) c/,1K Cm,2  C) (1()-5  -a-1/2)

of -230 (3 P- CE20.-55 .0 2.XC

0.0201 .2(0 O) I3 I lIYE) (.050 0.03 1.1

0.05t 243 0A)312 (500 o.0.50 0.04 1.9

0.1 -20 0-00)13 '500 0.050 0.02 1.6

0.3 25 CA) 111( 5811 13(015 0.03 1.7

0.4 25 0.010 1590 0,0303 0.03 1.9

0.45] 2-5 O.14 23M1 I.020 0.03 2.8

05 25 0 (115 1(p.( 0312(0 0.02 1.4

A second boundary is also evident uipon extimination of t hc chaunges in jP( T) t hat
(Welir for coniposil ions 10 < v f- 03. 11 its showui in Figtire I (a) represenug pat ially
ordleredl conmpounds and Figure 1(b) showing tke response of disordered coin-
pounds. It has been determined in another investigation' that compositions 10 :S
x < 0. 11j may exhibit both cornpositionally and thermally variable (dis)order. In
that study, this state of variable (dis)order persists iii compositions up to Ix =0. 11
beyond which an invariable state of structural disorder exists and develops inif
Manner analogous to otlher systems showing a. transition from relaxor to normial
ferroelect nc behavior with Compositional changes [e .g., -Pb( Mg".,Nhb,,)03- Ph-
TiO)i. There are, therefore, four distinct regions IFigure 31 present in this solid
solution systemn: (a) Region 1, a region of variable ordler/disoirdcr IVOl)1, (b)
Region 11, a composition range in which the material behaves as aI relaxor (;tnal-
ogous to Pb(Mg, 0Nb,,3)O3). (c) Region Ill, a MPB region, and (d) Region IV, in
which the material exhibits normal fcrroelectric behavior. The existence of aI secomji
structural boundary between variably (dis)ordered and invatriably (lisordeicd stales
is further evidenced here where tliec is seenu, in thc ordered case [Figure l(;i)I. a1
drop in thfe magnitude of the peak pfl ) just before Ix = 0I. 11 and, in the disordeci ed
case j Figure I (b)j. Ifur conipoSitionus (11 to ix = 0).11 characteristic motlt iple peatks
similar ito that previously observed for disordered b(c 1 a 2) SiuieleC crys(tals]
Ii was suggested in) that i nvest igatnin Ihat t he alppea ra nce of" aI o le eak fo r
disordered l'b(Sc, 1 Ta,,)() likely reflects (fie coexistence of oirderedmaitt disordered
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regions within the material. Thlis issue and a miore thorough characterization of thle
comlpositionls wilhini Ihis V01) region are discussed elsewhere.'

The shape of the depolarizaitioni curve lFigures 2(a-c)j is observed to change
markedly with compositional variations. Onl traversing Region I 10 .L- x 0.11[
considering only p~artially ordered compositions, thle depolarization curve is seen
to vary gradually with a "tail" that persists well above thle temperature of the
dielectric miaximlum [l';ble I) in all cases. As observed previously for disordered
Pb( Sc ,Ta,) 1  thle depolarization curves of thle disordered compounds in t Iiis
region 11-igure 2(b)I are seen) to dlecrease in a continuous, extremely gradual mail-
11cr, with fihe high temperature polarization '"tail'' increased in magnitude onl ap-
proaching [lie VOl. boundary composition Ix = 0. 1]. Thie shape of lte depolari-
zation curve becomes more continuous and extended throughout the composition
range Ix = 0.3-0.451 reflecting thle phase transitions occurring through thle MPHll
with that oif tile Ix = 0~.451 composition exhibiting a tendency to a more first-order
type behavior. Thlis corresi-ndls well withi results previously reportedl on thle nature
of thle dielectric response of these materials through thle Ml1B region.' Ill those
studies thie dielectric behavior of tile Ix = 0.451 composition was observed to
approach that characteristic of a normal ferroclectric but with thle persistenlce of
some of lte diffuseness characteristic of a relaxor ferroclectric. Furthier, thle 1cml-
pcratire range required to observe the transition for this composition extended
somewhlat beyond thie practical range of tile experimental set-uip thereby affecting
data taken at the extreme upper limit of this range in such a way as to artificially
enhance tile magnitude of the 11(s) values calculated from data taken at thle highest
temperatures. Overall, thie nature of the depolarization is secn to vary with comi-
position in a manner appropriate to the state of tile material in eachl of tile four
regions defined [or tile system consistent with results obtained iii previous inves-
tigations.'

Thle pyroclectric response of a material is generally raledl for device application
by the figtires oif mlerit F( V) Ijp/K c] and F(P)) 11)1(K tan(ij))"'2tc1 (c': the volume
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hecat calpacity') Which reflect the voltage response aid detectivily respcctively.
A high F(V ') is desirable for large at ca (lcvice applica1tions whjile a high value of
F(DI) is importanit for point detectors. Th'le relatively high dielectric constant cou-
pled with mioderate values of pyroelectric coefficient below Th results ill a low
V'oltage respionse for all lt cCom~positions considered making themn not particularly
well-suited for large arca device applications. These comp~ositions do, hiowever,
show v'aluies of F(DI) adequate for potenitial use as point detectors. lThe VOD
Coinp)ositiol ill pa liua are prosnuIig candidates for field-stabilized pyroelectric
devices. The usefulness of pure Pb(SCU2'1Ta 1 2)O, materials operated under moderate
DC fields has already been estab~lishied for such ;tppllicatiotis.8 -'-' It has becti dem-
onstrated that variably (dis)ordered (I -x)Pb(Sc1 1 zTa 1 1, 2 )Ov3(x%)Pbl'iO, withit lte
V0I) ,cgionl respondi~ 14) DC lbias inl a ma~nner similar to that exhibited by

l'li Scla 4~. he ( -xl'b(c 11 'la1 2 )O-(x~'hiiO1  onisiions ite VOL.
rcgiil anl;e. thierefore. expected to exhibit figures of incrit comparable to that of
(lie unmiodified material with the adlded feature of being tailorattle in response via
both coiipositioiial variations and heat treatment.

SUMNIMARY

Th~e temperature dependenice of lte pyiociectfic coefficienit -mid the depolarization
behavior cNlil)iledl by compilositions froiti the solid solution system ( I-x)Plb-

(S) . *1j20-(.V)Pbl;iO1 indjicate lte existence of two structural lliase boundaries,
a1 iorliotroIic phase boundary f IMP1id anothecr between variably (dis)oidered
IV031 and inivar iably disordered compositions, iii general agreement with dielectric
and x-ray diffraction data pr-eviously relported.1 The range of lte MI'B is observed
ito be ratlher broad Ix = 0).3-0.*45I and somie curvature to thie boundary is evident.
The \'O1 pha~se region is clearly indicated by cliaracteristic behavior within lte
region and anl abrupt clialige in the nature of thie pyroelectric response at the VOD
phase boundary. These VOD compositions are particularly promisinig candidates
for field-stabilized pyroelectric device applicatioms due to their excellent pyroelec-
tric response coupled with the versatility of design possible via simple variations
inl composition anid annealing conditions.
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The temperature dependence of the pyroelectric and dielectric response as a function of a selected DC
electric bias field has been investigated for several different compositions of the PMN-based ceramic.
The %elected DC electric bias field which gives the maximum pyroclectric coefficient was determined
by a study of the pyroelectric coefficient, measured by the Byer-Roundy method, at several poling
fields. The large values of the figure of merit (pl(K)" 2) found in these PMN-based compositions, suggest
this material as a promising candidate for pyroelectric point detectors since this figure of merit is
comparable to the materials most widely used, TGS and LiTaOQ, for point detectors.

INTRODUCTION

Recent interest has been focused on the solid solution consisting of the relaxor
ferroelectric end member PbMgNb21 O. (PMN) and the normal ferroelectric end
member PbTiOj (PT) for possible use in actuators' and transducers.2 This interest
has evolved because of the large dielectric and piezoelectric constants that have
been reported in these materials. Throughout the entire solid solution, large di-
elctric valttes have been reported while large piezoelectric constants, havc been
rclprted iot only, near the ntorphotrolpic phase boundary ' (realized by Choi et
al., on a ceramic composition, at room temperature, to be -0.66 PMN-0.34 ir)
but also, for those compositions with less lead titanate content where with the
application of an external electric bias field a very strong piezoelectric effect is
induced. 4- For the compositions with less lead titanate, the application of an ex-
ternal DC bias field is necessary because for these compositions there is no net
stable remanent polarization.

In some of our earlier publications, studies of the piezoelectric, dielectric and
elastic properties of PMN-based ceramics under DC bias fields were made by laser
interferometry6 and a resonance method, 7 however, a natural question arises as to
the pyroelectric properties of these ceramics as a function of DC bias. It is the
intent of this paper to explore the pyroelectric properties of some of the PMN-
based ceramic compositions, where with the application of an external electric field
a strong piezoelectric effect is induced. This investigation includes a study of the
effect of different poling voltages on each composition, the determination of the
electric poling field which gives the maximum pyroelectric effect and the values of
the pyroelectric and dielectric properties with this maximum electric poling field
applied to the sample as a DC electric bias field. The paper then goes on to calculate
the figures of merit for these compositions and based on one of these figures of
merit suggests a couple of the PMN-based ceramic compositions as promising
candidates for pyroelectric point detectors.8
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EXPERIMENTAL PROCEDURE

Three different compositions of the PMN-based ceramic material were chosen for
a study of their pyroelectric and dielectric properties as a function of poling field.
These compositions are: 0.90 PMN-0.10 PT, 0.93 PMN-(i (17 PT and PMN with I
mole % La. All of the compositions were prepared from reagent grade oxides
according to the Columbite precursor method' and hot uniaxially pressed. Hot
uniaxially pressing, as compared to traditional sintering methods, resulted in the
formation of highly dense (>99.5% theoretical) phase pure ceramics with a unilorm
microstructure and it is expected that these hot pressed ceramics will give optimal
pyroelectric and dielectric coefficients.

Pyroelectric measurements were made using the static method of Byer-Roundy.1°
In this method, a pyroelectric current is generated in the ceramic when its sur-
rounding temperaturt - changed so as to vary the spontaneous polarization of the
ceramic. This current is given by:

I = pAdTdt (1)

where p is the pyioclectric coefficient, A the electroded - lace area o -sample,
and dTIdt the rate at which the sample is heated or co(,kd.

In our experimental set-up the current (1) is measured on a picoamieter (HP-
4140B) and recorded on a computer (HP-9000). This computer also controls and
monitors the heating and cooling rates of the liquid nitrogen fed furnace (Delta
design 2300). Different DC electric bias fields were applied to the sample with a
Kiethly 240A high voltage power supply. A static value ,, the spontaneous polar-
ization is found by integrating p with respect to 7

The samples usc-: in the Byer-R,,indy method had at. bet' :, 0.1 cm2 and
0.4 cm2 and thicki .,es less than 0.4 mm. Gold electrodes wer, tered on the
top and bottom surfaces of the samples and a small amount of aii y silver paint
was brushed on the center of these gold electrodes so as to ensuic good electrical
contacts. The samples were prepared having an area with small dimensions so that
a uniform temperature could be maintained across the sample. The samples were
polished with 0.3 IL AI20. and were prepared thin so that large electric fields could
be applied to the sample. For all pyroelectric measurements made, a heating and
cooling rate of approximately 2°C/minute was used.

For the three different PMN-based ceramic compr,itions, pyroel 'tric coeffi-
cients at several ,wlerent poling fields, including zet lield, were r 1sured with
the intent of locating the maximu', pyroelectric coeffict ;t. The procetolre foil' "ed
for these measurements was: fit. t, heat the sample well above its Curie to e,
then apply an electric field to thw sample and cool the sample to a tcmper;ure
well below its Curie range, next short-circuit the sample at its minimum temperature
and finally measure the pyroelectric current on heating with no field applied to the
sample. This procedure was followed for several electric fields, climbing in gradual
increments with the electric field, until the pyroelectric coefficient saturates or the
external threshold bias voltage of the picoammeter is reached.

Once the electric field which gave the maximum pyroelectric cofficient was
fount i or the limiting bias voltnar of the picoammei , was reached i 'his electric
field %%as then applied to the s; " and the compuI colic, 1, ,I pyroclectric data
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on both a cooling and heating run. The temperature that the cooling cycle started
at was at least 25°C above the temperature at which the pyroelectric coefficient
had a maximum, and the temperature that the cooling cycle finished at was at least
25°C below the temperature at which the pyroelectric coefficient had a minimum.

Dielectric measurements were made as a function of temperature on cooling and
heating cycles at several frequencies for the three PMN-based ceramic composi-
tions. These measurements were made with no field applied to the sample and at
several different electric fields, including the field that gave the maximum pyro-
electric coefficient, thus, allowing us to calculate the figure of merit for each
composition at one electric field. The dielectric constant is determined by:

K = C1/AE 0  (2)

where C is the sample's capacitance, t its thickness, A its area, and E, the electrical
permittivity of free space (8.85 x 10-32 F/m). Measurements of the capacitance
were made on an LCR meter (HP4274A) and recorded on a computer (HP9816),
which similar to the Byer-Roundy method for making pyroelectric measurements,
controls and monitors the heating and cooling rate of the liquid nitrogen fed furnace.
The DC bias voltage was applied to the samples, via the LCR meter, by a high
voltage power supply (Keithly 240A) and the maximum voltage allowed is ± 200
volts. Sample preparation for the dielectric measurements is the same as that for
the Byer-Roundy measurements, hence the same samples used for making Byer-
Roundy pyroelectric measurements were also used for making dielectric measure-
ments.

RESULTS AND DISCUSSION

Presented in Figure 1 are the results of pyroelectric measurements made on 0.90
PMN-0.10 PT by the Byer-Roundy method. When no electric field is applied to
the sample and the pyroelectric coefficient and spontaneous polarization are mea-
sured on heating from - 100 0C to 1000C, the maximum pyroelectric coefficient is
lems than 7 x 1()- 4 C/M2 K and the maximum spontaneous polarization is less than
0.11 I C iii'. II I i1 ms, I1:) IhI" Iwiich-v'iic coefficiv' l is showti as I fmiction of

ielll)$el&Iul!o.vrl IL' IteIlIcIiIIIS. lallp t 8.1" It' .' 1,( • imen I %U 1 641'. 4'.e,' s1c he@l;

were applied to the sample on cooling. These measurements which show the llcut
of different poling voltages on this composition were made by the following pro-
cedure: first the sample was heated to 1000C, then cooled to - 100*C with an
electric field of either 1.0, 1.5, 2.0 or 2.5 kV/cm applied to the sample, next the
sample was short-circuited and finally pyroelectric coefficients were measured on
a heating cycle from -40C to 120*C at 2°C/minute. The pyroelectric peak for
these four electric fields, over a temperature range of 1600C is very sharp. However,
since the width of each pyroelectric peak is less than 2°C, we chose to plot the
pyroelectric coefficient as a function of temperature over a smaller temperature
range, namely 18°C to 23°C, even though the pyroelectric peak is less distinct.
Also, it should be noted that the interpretation of the data was aided by extrap-
olating the data around the pyroelectric peak, as indicated in Figure 1(b) with a
dashed line. For 0.90 PMN-0.10 PT the maximum pyroelectric coefficient (p
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made nine months later and at this time the charge build-up on the electrodes had time to dissipate.

0.27 C/rn2 K) is rather large and occurs when an electric field of 1.5 kV/cm is
applied on cooling at a temperature near room temperature, about 20.20C and
measurements are made on heating without an electric bias field applied to the
sample. Furthermore, we observe that the effect of an increase in the electric field
is not only to change the value of the pyroelectric coefficient but also to slightly
increase the temperature at which this maximum occurs. More specifically, for an
increase in field of -1 kV/cm, the temperature corresponding to the maximum
pyroelectric coefficient increases by half a degree.

Curves of the spontaneous polarization as a function of temperature correspond-
ing to the pyroelectric measurements described for Figure 1(a) are shown in Figure
1(b) over the complete measured temperature range, that is - 400C to 1200C. The
maximum spontaneous polarization (-0.28 C/in2) occurs when an electric field of
1.5 kV/cm is applied to the sample on cooling and as expected the field to which
this maximum polarization corresponds is the field which gives the maximum py-
roelectric coefficient.

Results of the pyroelectric coefficient as a function of temperature, after applying
an electric field of 1.5 kV/cm to the sample, on a heating and cooling run from
- 500C to +I-500C, are shown in Figure 1(c). For this electric field, on a cooling
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run, tile pyroelectric coefficient reaches a maximum of 0.124 C/m 2 K at 18.8°C and
on a heating run, the pyroclectric coefficient drops to 0.072 C/m2 K at 25.9°C. This
change in the magnitude of the pyroelectric coefficient on cooling and heating could
be explained by the build-up of charge on the electrode. In Figure I(d) results of
measurements made nine months later, just like those described for Figure 1(c),
are shown. The value of thc pyroelectric coefficient on a cooling and heating cycle
remained the same (p - 0.06 C/m2 K) and the extra build-up of charge on the
electrodes dissipates over time. The slight change in the values of the pyroelectric
measurements made niine months later is minimal and within experimental error.
The shift of tile pyroelectric peak with temperature, observed in both Figure l(c)
and Figure l(d). when cooling and heating the sample can be explained by thermal
hysteresis.

Pyroelectric measurements made on 0.93 PMN-0.07 PT by the Byer-Roundy
method are shown in Figure 2. When no field is applied to the sample on heating
over the temperature range - 100°C to 100°C, the pyroelectric coefficients like
those of 0.90 PMN-0.10 PT are insignificantly small and less than I0-' C/m 2 K. In
Figure 2(a) the pyroelectric coefficient is shown as a function of temperature over
the range - 10°C to (*C for the electric fields of 2.0, 2.5, 3.0, 3.5 and 4.0 kV/cm
applied to the sample. These measurements which show the effect of different
poling voltages on this composition were made following the same procedure de-
scribed for Figure I(a) except that in order to find this composition's maximum
pyroelectric coefficient it was necessary to apply larger electric fields to the sample.
For this composition, we also note that its pyroelectric peak would likely be more
distinct over a larger temperature range, however, over the small temperature
range plotted, - 10°C to 0°C, the pyroelectric peak does not appear sharp, but
rather smooth. Furthermore, we find: the maximum pyroelectric peak to be 0.023
C/m2 K, an order of magnitude less than 0.90 PMN-0.10 PT; the temperature
corresponding to the maximum pyroelectric peak to be - 5°C, a temperature at
least 25°C less than 0.90 PMN-0.10 PT; the width of the pyroelectric peak to be
greater than 50C, a width much greater than 0.90 PMN-0.10 PT and the electric
field (3.5 kV/cm) needed to achieve this maximum pyroelectric coefficient to be
larger than the electric field (1.5 kV/cm) needed to achieve the maximum pyro-
electric coefficient in 0.90 PMN-0. 10 PT. However, it should be noted that there
is not a strong relationship between the increase in the electric field and the increase
in the measured value of the maximum pyroelectric coefficient. Also, corresponding
changes in the associated temperature are small.

For the same five different electric fields shown in Figure 2(a), the spontaneous
polarization is shown in Figure 2(b). As expected, and also observed in 0.90 PMN-
0. 10 P1', the field which gives the maximum spontaneous polarization (- 0.27
C/m2) corresponds to the electric field which give the maximum pyroelectric coef-
ficient.

Shown in Figure 2(c) arc the results of the pyroelectric coefficient as a function
of temperature when a field of 3.5 kV/cm is applied to the sample on a cooling
and heating run. The magnitude of p is essentially constant at -0.005 C/m2 K
hence, there is no space charge build-up. Only a small amount of thermal hysteresis
is observed, as can be seen by the temperature corresponding to the pyroelectric
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the sample on heating from - 180TC to 1OfY'C, like the other PMN-based ceramic
compositions, the pyroelectric coefficient is insignificantly small. In Figure 3(a) the
pyroelectric coefficient is shown as a function of temperature over the temperature
range - 1800C to 1((C for the different electric poling fields, starting at 2.0 kV/
,-m with successive increments of 1.0 kV/cm. Although the pyroelectric coefficient
did not saturate at 8.0 kV/cm, this was the maximum electric field applied to the
sample, since the external threshold voltage of the picoammeter is reached at this
field. For this composition at 8.0 kV/cm the maximum pyroelectric coefficient has
a value of 0.0027 C/in2 K and is two orders of magnitude less than the pyroelectric
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coefficient of 0.90 PMN-0. 10 PT. This value of the pyroelectric coefficient for PMN
with 1% La occurs at a temperature of - 108.4*C when first, an electric field of
8.0 kV/cm is applied to the sample on cooling from 100°C to - 180'C and then,
when measurements arc made on heating over the same temperature range with
no field applied to the sample. The pyroelectric peak for this sample is very broad,
compared to 0.90 PMN-0. 10 PT and 0.93 PMN-0.07 PT. and may be explained by
the La in this sample's composition. Also, it is noteworthy, that an increase of the
electric field applied to the sample when on a cooling run not only results in the
increase of the value: of the maximum pyroelectric coefficients, as it did with the
other compositions discussed earlier, but also, results in the decrease in the tem-
perature at which this maximum pyroelectric coefficient occurs. This temperature
decrease did not occur with either 0.90 PMN-0. 10 PT or 0.93 PNIN-0.07 PT. The
decrease in temperature is around 2'C to 5°C for an increase in electric field of

.0 kV/cm and may be a result of the La in this composition causing aging.
Measurements made of the pyroelectric coefficient as a function of temperature,

after applying an electric field of 8.0 kV/cm to the sample on hoth a cooling and
heating run, in the temperature range - 180'C to 20'C, are shown in Figure 3(b).
The pyroelectric peak on the cooling cycle is only slightly broader than the py-
roelectric peak on heating. The value of the maximum pyroelectric coefficient on
heating is only slightly greater than 0.(00I C/m2 K and yet, the value of the maximum
pyroelectric coefficient on cooling is only slightly greater than (I.(X)8 C/m2 K. The
small difference in the values of p on heating and cooling could be due to the build-
up of charge on the electrodes also noted for 0.90 PMN-0. 10 PT and discussed in
connection with Figure I(c). For PMN with I mole %. La some thermal hysteresis
is observed since the temperature corresponding to the maximum pyroelectric
coefficient on heating and cooling differs by approximately 10°C.

For the three PM N-based ceramic compositions, capacitance measurements on
heating and cooling as a function of temperature at various DC electric bias fields.
including zero field were made. These measurements were performed with an ac
voltage of I volt and at several frequencies. The dielectric constant is calculated
by Equation 2, at I(M liz. It is plotted as a function of temperature, as shown in
Figure 4, when the samples are cooled (at a rate of 2°C/minute) and measurements
were made on cooling with various DC electric bias fields, including zero field and
the field which gives the maximum pyroelectric coefficient. For each composition,
the temperature range covered for the dielectric measurements is practically the
same as the temperature range covered for the pyroelectric measurements. Thus,
later it will be possible to calculate the figure of merit for each composition at one
electric field.

Results of measurements made on 0.90 PMN-0.10 PT at 0.5, 1.0, 1.5 and 2.0
kV/cm are shown in Figure 4(a) when the sample was cooled from 50°C to - 50C.
For an increase in the applied electric field, the Curie range increases and the
dielectric constant decreases. Also for this composition, we observe that when
cooling the sample for each different electric bias field, the dielectric constant drops
abruptly. For an increase in the applied electric field, these drops occur at higher
temperatures. Shown in Figure 4(b) are results of measurements made on 0.93
PMN-0.07 PT at 2.0, 2.5, 3.0, 3.5 and 4.0 kV/cm when the sample was cooled from
50°C to - 5WPC. For an increase in the applied electric field, the Curie temperature
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decreases, and the dielectric constant decreases. Results of measurements made
on PMN with I mole % La at 2.0, 5.0 and 8.0 kV/cm, when the sample is cooled
from 50'C to - 180C are shown in Figure 4(c). For an increase in the electric field
applied to the sample, the dielectric constant decreases while the Curie range
decreases slightly.

In Figure 5, dielectric and pyroelectric measurements are shown for each of the
PMN-based ceramic compositions investigated on a heating and cooling cycle with
an external electric bias field. The electric bias field for each composition was
chosen from a study on the effect of poling for that composition. The poling field
which gave the maximum pyroelectric coefficient was selected. The dielectric con-
slant was measured at 100 l1z. Listed in Table I, for the three different compositions
on heating and cooling are: the figures of merit p/K, p/(K)" 2. and p/(K tan)l 2 ;
the value of the sample's Curic range (T,) and the value of K at this temperature,
the temperature (T,,) corresponding to the maximum pyroelectric coefficient and
the value of this coefficient; the values of K, p and tanb at a measuring temperature
(T,,) which for both the heating and cooling cycle is at least 10°C below T, and
5OC away from T,, hence the composition is in a stable region of its ferroelectric
phase; and, a footnote, for the sake of comparison with our PMN-based ceramics.
to the values of p, K and pl(K)" 2 for LiTaO, and TGS.

From Table 1. we see that the figures of merit (p/(K)112 ) for 0.90 PMN-0.10 PT
and 0.93 PMN-0.07 PT. found at T,, and their maximum DC electric bias field,
are comparable to the figure of merits (p/(K)112 ) for LiTaOj and TGS, two of the
most widely used materials for pyroelectric point detectors. However. we note that
the figure of merit for 0.90 PMN-0. 10 PT and 0.93 PMN-0.07 PT can be superior
to that of LiTaiO, and TGS if the measuring temperature (T,,) is moved slightly.
In Figure 5(a). for (0.W0 l'MN-0. I0 P'l', if 7,, is -25"C (almost at the pyroelectric
peak) on a heating cycle with a 1.5 kV/cm DC bias field, p - 230(KI p.C/m K. K
- 12.0(X) and pl(K)"2 - 210 p.C/m 2 K. Similarly in Figure 5(h), for 0.93 PMN-
0.07 PT. if T,,, - 100C (almost at the pyroelectric peak) on a heating cycle with a
3.5 kV/cm DC bias field, p - 5000; .C/rm2 K, K - 14,6(W) and p1(K)" 2 - 41
p.C/m 2 K; while for a T,,, - 5"C, there is little change in the value for p/(K)" 2, p
- 4,00(1 p.C/m 2 K, K - 10,000 and pl(K)1"2  40 pC/m2 K.

SUMMARY

A study of the temperature dependence of the pyroelectric coefficient at different
poling fields for several of the PMN-based ceramic i.onipositions has allowed us
to determine an electric bias field which when applied to a particular composition,
during heating and cooling cycles of pyroelectric measurements, will give the max-
imum pyroelectric coefficient. Next, a study of the temperature dependence of the
dielectric constant at various fields, including the field that gave the maximum
pyroeletric coefficient, was made to aid in the calculations of the figures of merit
for each composition at a selected electric bias field. The figures of merit are
dependent on the measuring temperature that is chosen and for the PMN-based
ceramic compositions that we studied, the figures of merit also depend on the DC
electric bias field applied to that composition. For 0.93 PMN-0.07 PT, at a mca-
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suring temperature of 5°C and a DC bias field of 3.5 kV/cm, p/(K)" 2 - 40 p.C/m 2

K and yet, for 0.90 PMN-0. 10 PT, at a measuring temperature of 25°C and a DC
bias field of 1.5 kV/cm, p/(K) 1 2 - 210 1,C/m2 K. These very large values of the
figure of merit, comparable and in some cases superior to LiTaO3 (p/(K)"1 2 - 34
pC/m2 K) and TGS (p/(K)" 2 - 64 p.C/M 2 K), two of the most widely used materials
for pyroelectric point detectors, suggest some of these PMN-based ceramic com-
positions as promising candidates for pyroelectric point detectors. Chynoweth
measurements, used to determine the dynamic pyroelectric response, are currently
underway to see how these materials function under more practical conditions.
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Chemical reactions of lead magnesium niobate titanate in the
presence of a glass
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A relaxor ferroelectric of composition 0.93Pb(Mg113Nb2C)O 3-0.07PbrTO3 was sintered
with 3 wt. % commercial sealing glass at 750 OC for 30 min to achieve >95% of
theoretical density and a nearly pure perovskite phase. At higher glass additions (up
to 20 wt. %), higher sintering temperatures (up to 800 0C), and longer sintering times
(up to 4 h), the amount of perovskite (PMN type) decreases and that of pyrochlore
(6PbO. MgO 3Nb2 O5 or 3PbO 2Nb2O 5) increases. On sintering at 800 °C for 4 h no
perovskite phase is present in compositions with even 1% glass addition. The reaction
of glass with the PMN phase was found to lead to the disappearance of the perovskite.
Addition of 0.1 to 0.6 wt. % MgO to compositions containing 1 and 3 wt. % glass
(and balance PMN-PT) results in essentially pure PMN perovskite phase on sintering
at 700-800 *C for 30-240 min, confirming that the reaction of glass with PMN and
depletion of MgO from PMN can be arrested. The sintered ceramics exhibit relaxor
behavior and possess dielertric properties essentially commensurate with the phase
composition.

I. INTRODUCTION The high dielectric constant of PMN-type materials

Lead magnesium niobaze, PbMgw3Nb-O, (PM , makes them good candidates as dielectrics for multilayer

is a typical relaxor ferroelectrict in which the MgZ and caPSCito. The curent muiayer capaoRd iauf it-

Nb5 * ions are randomly distributed over the B sites of ing technology requires co-firing of the stack of dielectric

the AB0 3 type perovskite lattice. The Curie temperature and electrode layers at a sufficiently low temperature to

of PMN (- -15 0() can be raised to around 25 *C by permit the use of silver-rich or base metal electrodes. It

forming a solid solution (0.93PMN-0.07Pr) with lead is, therefore, important to lower the sintering tempera-

itanate, PbTiO 3 (PT), which is a well-known ordered ture of PMN-type materials from the usual 950 °C for

ferroelectric with a Curie temperature of 490 *C involv- 4 h to 1300 *C for 0.5 h to below 900 *C. By using

ing a first order cubic to tetragonal phase transition.2  fine particle material obtained by high energy milling,

The PMN-PT compositions exhibit larger electrostrictive Papet et aL t4 have obtained >95% of theoretical density

strains and dielectric constants than other perovslites at a sintering temperature of 950-1050 °C for 2 h or by

such as BaTio33 and lead zirconate titanate ceramics. 4  hot pressing at 825-890 *C for 2 h.

However, the full exploitation of these materials has been The sintering temperature of ferroelectric ceramics

hampered due to the occurrence of a pyrochlore phase has been customarily reduced by liquid phase sintering."

with a low dielectric constant (,-200) during the syn- In the case of PMN, lead germanate (PbGe 3Q 1 ),16

thesis of PMN and the loss of PbO at the high sinter- excess PbO17'- 9 or LINO3? has been used as sin-

ing temperatures (-1300 °C) required for achieving the tering aids. Thus, Megherhit 6 has lowered the sinter-

necessary densification. The problems in the synthesis ing temperature of 93PMN-7PT from 950 *C/4 h or

of PMN have been reviewed by Shrout and Halliyal.5  1050 *C/0.5 h to a range of 8500 to 950 0C for 0.5

The occurrence of the undesired pyrochlore phase can to 4 h with lead germanate (1-3 wt. %) as a sinter-

be minimized (or even eliminated) by a precursor route ing aid and achieved >95% of the theoretical density.
in which MNb20 of columbite structure is formed fir, With 6% excess PbO, a density of 90% of theoretical

which then reacts with PbO to form PMN,' or by using is achieved for 92.SPMN-7.5PT at 1000 °C for 6 h
ultrapure starting materials,' or by adding excess MgO and, with 1-2% excess PbO, Guha et aL18 sintered

(2-10%).8-10 However, excess PbO and MSO lead to 92PMN-SPT at 950 OC for 3 h to 97% of theoretical

lowering and aging of dielectric properties of PMN. 11 12  density. Addition of 2-4 mol % iNO 3 to 93PMN.7PT
produced -95% of theoretical density of sintering at
850 OC for 30 min.20

The purpose of the present work is to lower further
OPermanent address: Taa Research Development and Design Center, the sintering temperature of 93PMN-7PT ceramics to

Pune. 411001. India.
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800 *C or less by using a commercial sealing glass and an LCR meter (Model 4274A and 4275A, Hewlett
and to examine the development of phases and physical Packard, Inc., Palo Alto, CA) at a frequency of 0.1, 1,
properties of the resulting ceramics. 10, and 100 kHz as the samples were cooled at the rate

of 2 *C/min from 200 *C to -50 *C through the phase

II. EXPERIMENTAL transition.

The 93PMN-7PT power (Edo Corporation, Salt
Lake City, UT) has the cubic perovskite type struc- IlI RESULTS AND DISCUSSION
ture. The sintering aid was a sealing glass (Coming A. Density and weight loss
7555, Coming Glass Works, Coming, NY) with the fol- The density and weight loss of all sintered sam-
lowing stated characteristics: composition (wt. %) PbO ples are summarized in Table I. As expected, the density
(60-80), B2 03 (10-30), SiO2 (1-20), A1203 (1-20), increases with sintering temperature (7000 to 800 'C)
ZnO (1-20); density 5.7 g/cc; thermal expansion co- in all cases, particularly between 700 °C and 750 'C
efficient 2 x 10- 7/°C; softening temperature 415 °C; [Fig. 1(a)]. Increasing the sintering time from 0.5 to
dielectric constant 13.7 at 25 °C and 1 kHz. Chemical 4 h at a fixed temperature had a relatively minor ef-
analysis indicated this glass to be primarily a lead bo- fect on density (Table I), suggesting that a short sin-
rate with small quantities of A120 3 and Si0 2. Four com- tering time (0.5 h) is adequate. Of the compositions
positions with 1, 3, 10, and 20 wt. % glass (the rest is tried, those with 3 wt. % glass exhibited maximum den-
PMN-PT) were prepared by minig in plastic contain- sification (95-97% of theoretical) at 7500 and 800 °C
ers with zirconia media and ethyl alcohol for 24 h. The [Fig. 1(b)].
mixtures were dried at 80 °C for 24 h, mixed with 2% The weight loss was 4<1% when the glass content
polyvinyl alcohol, and pressed into pellets at 105 MPa. was <10% and sintering temperatures were 7000 and
After binder removal at 350 °C for 3 h at 550 °C for 3 h, 750 °C for 30 min (Table I). The same samples showed
the pellets were sintered at 700", 750, and 800 *C for up to 1.3% weight loss at 800 °C for 30 min and up to
0.5 and 4 h. The heating rate was 5 *C/h and cooling 1.8% when the sinteng time was increased to 4. h at
rate 3 °C/h. 700 to 800 OC. The samples containing 20 wr. % glass

The densities were measured by the Archimedes exhibited weight losses up to 2% for sintering times of
water displacement method and grain sizes by scan- 30 min and up to 3.6% for 4 h at 7000 to 800 0C. These
ning electron microscopy of fractured surfaces. The weight loss values may be compared with 0.5 to 1.1%
phase identification of the sintered samples was by when 93PMN-7PT is sintered in PbO-rich atmosphere
x-ray diffraction with Cu Ka radiation. at 9500 to 1250 OC for 0.5 hi6 and with 1 to 15.7%

The dielectric constant and loss of sintered pellets for compositions in the PbO-MgO-Nb 2Os system at
with sputtered gold electrodes were measured on an 980 0C for 4 h in oxygen, the weight loss in this case
automatic system consisting of a temperature control increasing with PbO content at fixed MgO content.21

box (Model 2300, Delta Design, Inc., San Diego, CA)

100. 100eoI30 M..Io 30 . 3%

goo C go111 __ _ _

I °
* -0

0O0 0

,o 2o ,o0 ,;o 7;o 7i o 780 oo

Welb %e GIs" Temperature C

FIG. 1. Vaiadoa of density (% theoretical) with wt.% gas added (left) at 700, 750, and 800 °C for 30 main and with sintering temperature
for 30 min; (right) for PMN-PT with 1, 3, 10, and 20 wt. % lss.
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TABLE 1. Properties of sintered 0.93PN-0.07Pr compositions.

Sintcring temperature, OC

700 750 800
30min 240min 30min 240min 30min 240min

0 wt. % glass

% then. density 74.1 78.2 76 81 80.3 84.6

1 wt. % glass

Density. g cm- 6.582(6.24)(6.171 6.61(6.36)(6.231 6.981(6.55)(6.431 6.996(6.63)(6.47] 7.192(6.73)(6-541 7.26.1(6.79)(6.571
" thea. density 81.4(78.2)(77.91 81.7(79.8)[78.61 86.3(82.1)(81-21 86.6(83.1)(81.81 88.9(84.3)(82.61 89.7(85.1)(82.91
" perovskite 10 80 96(100)11001 100(99fl1001 100(100)(100J 0(100)[97)
" wt loss 0.6 0.9 0.6 0.9 0.7 1.0

3 wt, % glas.

Density. S CM-3 6.613(6.12)15.971 6.982(6.18)[6.031 7.611(6.54)(6.321 7.698(6.59)(6.371 7.823(6.79)[6.431 7.861(6.85)(6.47]
% thea. density 82.4(79.4)[78.61 85.9(80.2)[79.41 94.4(84.8)[83.2) 95.5(85.6)f83.91 96.4(88.1)[94.6] 97.2(88.9)[85.1]
" perovskite 100 715 95(100)11001 95(100)[1001 75(98)[1001 0(97)(1001
" wt. loss 0.8 0.9 0.8 1.0 0.9 1.1

10 wt. % glass

Density, g Cin'' 6.614 6.682 6.984 6.991 7.182 7.168
" thea. density 84.4 85.7 89.6 89.7 92.1 91.9
" perovskite 80 70 80 65 50 0
" w. Ia.s 0.9 1.1 1.0 1.7 1.3 1.8

20 wt. % 91Ms

Density, S Cm- 6.411 6.481 6.712 6.819 6.946 6.912
" thea. density 85.6 86.5 89.6 92.0 92.7 92.2
" perovk~dte 45 35 50 60 40 0
" wt. less 1.4 2.1 1.8 2.4 2.0 3.6

0Represents compositions in which 10% of the glass is replaced by MgO.
[JRepresents compositions in which 20% of the giass is replaced by MgO.

S. Phase, increase in glass addition for a fixed sintering tempera-
The x-ray diffraction patterns of the sintered sape ture (Table 1). For a given glass addition and sintering

showed the presence of a cubic perovsite type phase temperature, the perovskite content almost always de-
(PMN) or a pyrochiore type phase or a combination creased when the sintering time was increased from 0.5
of the two. The amount (%) of the perovskite pas is to 4 h (Table 1). At all the sintering temperatures and
estimated from the x-ray diffraction inensities of the times employed, the amount Of the Perovskite Phase
(110) line of perovskite and that of the (222) line of steadily decreased with increasing glass addition. A most
pyrochlore as follows: remarkable feature was that the perovskite phase was ab-

sent in all samples with as little as 1% glass to as high
%=eovkt 14110) X 0 as 20% glass when they were sintered at 800 *C for 4 h.

pero1vskite 100 This is clear from the x-ray patterns of a sample with 1%
glass addition sintered at 800 *C for 30 min (only PMN1

Nearly single phase perovskite (PUN) was obtained phase is present) and for 4 h (PMN is absent) as well
when samples with 1% glass were sintered at 7000, as one with 3% glass addition under the same sintering
7S0, and 800 *C for 30 min and those with 3% glass conditions, where the perovsldte phase predominates for
sintered at 100* and 750 *C hr 30 min (Table I). Sam- 0.5 h sintering and is absent for 4 h sintering (Fig. 2).
ples with 10 and 20 wt. % glass sintered at 7000 -800 *C Loss of PbO is known to decrease the perovslcite con-
for 30 min and those with 3% glass sintered at 800 OC tent during the preparation of PMN. Provision of PbO
for 30 min contained only 20-60% perovskite, the per- atmosphere6 or addition of extra PbO during milling 4'15

ovskite content generally decreasing with increase Of maximizes the perovskite content. When PbO-rich glass
sintering temperature for a given glass addition or with

J. Mater. Re., Val. 6, No, 6, Jun 1991 3
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100 (a) ,,4 MUMA00 R -Oin "o 100- ' 'wBOC3,iso 3wt%400 Cr30 MGo

70

506so It so50 aI

10

10 20 30 40 50 60 10 20 30 40 50

100 (b) lwt% AOOCI O Min oo100 3% /00 0240 Min

so 50o

M c

10 20. 30 40 so 60 10 20 30 " 40 50

FIG. 2. X-ray diffiraoio patten of' PMN-PT with (a) I wt. Shm vWt (b) 3 wt. &Whm sintered at S00 °C Not the predominance Of the
perovskite phase for a sintermSz time of 30 rmin (top) and the absem of pefovslite phase for a sinteriog time of 4 h (bottom) for both compositions.

is used in the present work, the perovskdte phase ap- Pb6MgNbsO022 (,-, Pbj.S3Mgo.29NbI.1.39s )
pewn to be destabilized at very low (1%) glass additions + 3PbO + 2MgO (1)
and at relatively low temperatures (800 OC). This may
be due to the gradual depletion of MgO from the PMN or
by some constituent such as B3203, SiO2, or A120 O Min 9[Pb(MgI/3Nb2/3O3)] .- 3(Pb3Nb2Os) + 3Mg0
the sealing ass employed. It is Inown that when PMN(2becomes deficient in MgO, a cubic pyrochlore phase(2
of approximate composition Pbu M"oNb.7j0OM or PbGMgNbeO022 -- 3(Pb2Nb2O'7) + N-19 (3)
PbGMgNb6O-a arises,2 When MgO is completely de- Pb6MgNb6O22 - 3(Pbj..sN2Or,.s) + l.5PbO + MgO
pled, one or morm lead niobate phases may appea. (4)
Chnen and Harmer" have shown that the increase of
Nb2Os at the expense of MgO in the lroO-MgO-Nb2Os PbsMgNb,5O22 --- PbsNb4Ol5 + PbO + MgNb2O6
compositions increases the pyrochlor content steadily (5)
until the peromskite phase totally disappears. On the other PbGMgNbsO22 - PbsNb4Ols + PbNb2O6 + M90g
hand, the addition of 2-10% excess MgO to PMN-based(6
ceramics minimizes and even eliminates the formation()
of the pyrocdorm phase.$'t°  These reactions involve PMN (cubic perovsite with a=

The possible reactions in the PbO-MgO-Nb2Os 0.4049 n), Pbl.s3MgonNb.-nO" or Pb6Mg1 oO,,
system in the vicinity of the PMNq phase may be depicted (cubic pyrochlore with a = 1.060 rim),"2 and five
as follows: lead niobate phases in order of increasing PbO

9[PbMgI/Nb2/03)]content: PbO-Nb2Os (tetragonal and romboedral);
9[Pb(gx/s~ /sO ] --. 3PbO 2Nb2Os (of Pt3Nb4 O13 or lPb,.5Nb,,Ou), which

4J. Me. Ra. Vol. 0, No. a. Jun' I Sol
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V. Snkanm and E. C. Subbarao: Chemical reactions ot lead magnesium niobata ttanate

TABLE ii. Phases in sintered samples.

I% glass 3% glass 10% glass 20% glass
Sinmwing

Temp. (°C) Major Minor Major Minor Major Minor Major Minor

Sinterng time: 30 min

700 PMN PMN PMN F6NMtJ3  P3N PMN
P6MN3

750 PMN Py (tr) PMN Py (tr) PMN P3N2  P6MN3 PMN
(PMN) (PMN) PN2
[PMNJ (PMN]

800 PMN Py(tr) PMN P3N2 PMN P3N 2  P6MN3  PMN
(PMN) (PMN) (Py(tr)) P6MN 3
fPMN) [PMN]

Sintering time: 240 min
700 PMN P6MN3  PMN P6MN3  PMN P6MN3  P3N2  PMN

P3 N2 (7) P6 MN 3

750 PMN PMN PdMN4N PMN P6MN, PMN P6MN3
TKN) PY(tr) (PMN) PN 2 (7)
[PMN) [PMN]'

800 P6 MN 3  Unknown P6MN3  Unknown P6MN3 P6 MN 3
(PN) (PM (Py(t.))
[Ph"I [Py(tr)] [PMq]'

P = PbO; M = MgO; N = Nb2Os; Py = pyrocholore.
) Refers to compositions with 10% of the glass replaced by MgO.

[ Refers to compositions with 20% of the glass replaced by MgO.
Represents splitting of the perovskite lines.

is a cubic oxygen-deficient pyrochlore with a = additions of 410 wt. % at 800 OC and for glass additions
1.056 nm); 2PbO - Nb 2Os (or Pb2Nb2 O7 ), which is of 20 wt. % at 700°-800 *C (Table II). The effect of
a distorted pyroclore of monoclinic symmetry with sintering temperature (700° , 750, and 800 °) and sin-
a = 1.3021, b = 0.7483, c = 3.4634 nm, and # = -tering time (30 and 240 ram) on the gradual disappear-
125.3*; 5PbO - 2Nb2O5 or PbsNb4Ou, which is mono- ance of the perovskite phase in the sample with 3 wt. %
clinic with a = 1.22948, b = 0.7419, c = 3.3614 am, glass addition is shown in Fig. 3. The presence of the
and 3 = 108066; 3PbO • Nb 2O1 or Pb3Nb208, which pyrochore phase as the predominant phase with some
is a distorted pyrochlore of tetragonal symmetry with diffraction lines unaccounted for in all samples sintered
a = 0.7536 and c = 1.0829 nm. It may be noted that at 800 *C for 4 h is shown in Figs. 4, 2(b), and 2(d). It
four of these lead niobates (PbO: Nb2 Os a 3: 2, 2: 1, is noteworthy that PbO, MgO, and MgNb 206 are not de-
5:2, and 3: 1) are cubic or distorted pyrochlores with tected in any of the samples. Wang and Schulzet0 have
increasing PbO conteut Thus, any one or more of these detected MgO inside grains and in the intergranular re-
lead niobates may be formed, depending upon the avail- gions in SEM backscattered images of PMN-5% MgO
ability of PbO and the kinetics of formation. samples. No clear evidence for the noncubic pyrochlore

In the present work, PMN was found to be lead niobate phases is available in the x-ray patterns.
the predominant (.50%) phase when the glass addi- It may be recalled that the weight loss in most
tion was 4 10 wt.% and sintering temperatures were cases was 41% and only in an extreme case it was
70-800 *C for 30 min, while the pyrochlore phase 3.6%. Therefore, the reaction products must be as per
dominates with a glass addition of 20 wt. % under the Eqs. (1)-(6). If some compounds are not found, then
same sintering conditions. When the sintering time is the corresponding reaction products must be below the
increased to 4 h, PMN is the major phase for glass ad- limit of detection by x-ray diffraction (-2%) if they are
ditions of 410 wt. % and sintering temperatures of 700 crystalline or, alternately, must be present in an amor-
and 750 OC with pyrochlore phases dominating for glass phous state. Thus, on sintering PMN-PT with <10 wt. %

J. MaW. Res.. Vbl. 6. No. 6. Jun 1991 5
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100 w1%700Cd3 M~. ~3wt% /700 C240 MI

-4

so so
%0 04 en , -

V4

1n 0 ..0 . 30 40 5o 60 10 20 30 4o 50

10 0 100 3 w @/ 5 0 M i
V 3wt%/750 CJ30 MIR 3

50 so.-I

S . . 405 4

10 20 30 40 50 10 20 30 40 50

0 3wt%/800 C30 Mia o" 3Wt/4Oe 2 MU

0, -

4O" " e4" 0

.. .f.SI

so, q4 -so

0 O. i
i T.4 - V4 f

1114C ft.

t0 20 30 40 so 60 10 20 30 40 50

FIG. 3. X-ray diffracdon patn of PMN-Fr with 3 wL S la siatered iat 700. 750, and 800 C for 30 nia and 4 b,. u arkd Note the
gradua dsappearnc of the piervskite phue with inasing aintenag temperatre and saltriag time.

glass addition at 7000 and 750 OC for 30 rin, reaction and (4), namely PbO and MgO, also could not be de-
(1) with PMN3 as the predominant phase occurs. Under tected in the x-ray patterns. It is assumed that these
other cond~tions employed in the present study, reaction oxides combine with the constituents of sealing glass
(4) also takes place with P3N 2 as the major phase. No (PbO, SiO2 , B2 0 3, A120 3) to form a glassy phase.
clear x-ray evidence could be found for reactions (2), (3), The present study which involves reaction of
(5), and (6), involving 3PbO • Nb 2 Os, 5PbO • 2Nb2 Os, preformed PMN-PT with a PbO-rich glass cannot be
2PbO • Nb2 Os, PbO • Nb2Os, and MgNb2 O, as reac- directly compared with the earlier studies of reaction
tion products. The other reaction products of Eqs. (1) sequence in the synthesis of PMN from the constituent

6 J. MaWr. RiA., Vol. 6. No. 6. Jun 1991
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II Owt%/O C240 Min

%00
%0

10 20 30 40 in o 60

20wt%400 C/240Mi

500

%0

0i l 1
J • L..

to 20w304 0 so 0
FIG. 4. X-my diffraction pe of P INiQ. with 10 (top) and 20 wL % Iam (bottom) sitered
at 800 OC for 4 b. Note the predomimamc of the pyrochore phase.

oxides (PbO, MgO, and Nb2 OS).P1 The question that P3N2, particularly in the presence of some species which
can, however, be asked is: When I to 6 wt. % excess can dissolve or react with MgO easily, such as some of
PbO is found to be beneficial in obtaining nearly pure the constituents in the sealing glass. This undesirable
PMN phase (with near absence of the pyrochiore phase), development of the pyrochlore phase can be avoided
why is the result different in the present case when by using minimal (1-3%) glass addition and sintering
1-20 wt. % PbO-rich glass is added? The relatively poor at 750 *C to achieve ;95% of theoretical density and
stability of lead-based perovskites such as PMN and the nearly pure PMN phase. This may be compared with a
greater stability of the lead-based compounds with defect sintering temperature of 900 OC for 6 h when 4-6 wt. %
pyrochlore structure has been discussed by Shrout and PbO is used as a sintering aid for PMN to achieve the
Hallyal.5 The greater afinmity between PbO and Nb2Os same end product' and the sintering of PMN-7.5PT with
than between PbO and MgO leads to easy decomposi- 6 wt. % excess PbO at 1000 OC to obtain 90% of tbeo-
lion of perovskite PMN into cubic pyrochlore PGMN 3 or retical density."

J. Mler. Rag., VOl. 6. No. 6. Jun 1991 7
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TABLE IU. Selected diffmctae lina in sintered sample.

700 OC 750 OC 800 C
WIL%
sans 30 min 240 min 30 min 240 min 30 win 240 min Diffraction line

0 0.2852 Perovskma (110), ,m

1 0.2347 0.2351 0.2843 0.2871 0.2852 ... pe side (110), m
0.3046 0.3041 ... 0.3046 0.3062 Pyrochlore (222), am

3 0.2831 0.2839 0.2854 0.2851 0.2840 ... Perovskite (110), am
0.3030 0.3047 0.3043 0.3036 0.3032 Pyrochlore (222), am

10 0.2862 0.2850 0.2852 0,2854 0.2834 ... Perovskite (110). am
0.3056 0.3040 0.3043 0.3046 0.3027 0.3033 Pyrochlore (222). nm

0.3044
20 0.2842 0.2848 0.2833 0.2867 0.2835 ... Perovskite (110), am

0.3032 0.3033 0.3023 0.3063 0.3027 0.3033 Pyrochlore (222). am

700 C30 Min

Iwt% 3wt% IOwt% 20wt%

100 "0

all

so

70

20

- so

0 o.0 .. 0 .o 0
90 30 30 30 0

FIG. S. Portion of the x-ray diffraction patterns of PMN-PT with (a) 1. (b) 3, (c) 10, and
(d) 20 wt.S glass at 700 C for 30 min. Note the shift of the (110) line of perovskite
at -0.28 am and the (222) line of pyrochIlore at -0.31 am, with composition.
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to 2) the eoie ad pate po pssi samples wit 1 to2ct oveute00cfr0ri, there is a nsee increaseoe

with 3 and 10 wt. % glass addition sintered at 800 *C by a slight decrease, in I~w as the glass content in-
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creased from 3 to 10 and 10 to 20 wt. %, respectively. 4o000

Thus, at 700* and 750 *C, part of the PMN is trans- 30 Min

formed into a pyrochlore phase. At 800 °C, some of the ,' .
a. 3000amorphous phase which had already been formed by re- u

action of PMN with the sealing glass crystallizes as a
pyrochiore phase. The behavior of Ip, on sintering for '
240 min is generally similar to that for 30 min, except 2

that Ip,, = 0 for all compositions sintered at 800 0C ._
for 240 min and I..m increases steeply with increas- --

ing glass addition, under these conditions. Further. for a m 1o0o

given glass addition sintered at 7000 to 750 *C, thre is a X

general decrease in Ip, , while Ip. remains unchanged 0

or increases somewhat as the sintering time is increased o ,o a0
from 30 to 240 min. At the same time, for all glass ad- Weight % Glass
ditions sintered at 800 'C, Ip,,,, drops to zero and IWeight___Glass
increases steeply as the sintering time is increased from 4000 240 Mi
30 to 240 rin. This clearly indicates that the pyrochlore 20
phase crystallizes from the amorphous mass at 800 'C ./
and the amount of crystallized pyrochlore increases with P% 3000.

time, as expected. - /

d- 2000 
•

C. Testing of the hypothesis ---- --- --

The above results clearly indicate that the sealing X o -
glass employed here reacts with PMN-PT at as low ------
a concentration of glass as 1% and as mild sintering " ' .......

. . . .. . . . .. . . . .......

conditions as 700 0C/4 h or 750 °C/30 mnn (Table 1) o.
to give rise to the undesirable pyrochiore phase. This 20
is attributed to the depletion of MgO from PMN and
possible enriching the glass in MgO. In order to test the Weight % Glass
above hypothesis, a set of samples were prepared using
the same PMN-PT and sealing glass as before, except Pyrohlor (222) Pervakite(010) Total
that 10 and 20 wt. % of the glass is replaced by MgO.
The original compositions with I and 3 wt. % glass and 700 C ... o... .- -- 0-

the corresponding modified compositions are given in 750 C ---- - --

Table IV. Thus, 0.1 to 0.6 wt. % excess MgO was added 800 C --

to the overall batch composition before calcination and FIG. 7. X-ray diffraction intensities of (110) line of perovskite, (220)
processed in the same manner as the original samples, line of pyrochlore, and the sum of these two as a function of glass
including sintering at 700, 750, and 800 0C for 30 and addition at different sintering temperatures (700,750, and 800 °Q for

240 min. sintering times of 30 min (top) and 4 h (bottom).

The results of these experiments are also included
in Tables I and H. The sintered densities decreased with
increasing MgO addition under the same sintering con- of an alternate source of MgO prevents the depletion
ditions. The trend of densification with % glass and sin- of MgO from PMN by reaction with glass and thereby
tering conditions is the same with and without MgO retains the perovskite form of PMN intact. It is also re-

addition. The most significant result is the ar ab- markable how little (0.1%) MgO addition is necessary

sence (0-3%) of the pyrochlore phase wh,.., 0.1 to to maintain the perovskite PMN phase.

0.6 wt. % MgO w. added to the batch compositions. Two further observations may be made regarding the

This is brought out clearly in Fig. 8, illustrating the x-ray diffraction data: one concerns the large increase in

x-ray diffraction patterns of four compositions sintered at 1lo of perovslote when MgO is added (Fig. 9), sug-

800 OC for 4 h, which may be compared with the x-ray gesting that the reaction between PMN-PT and glass

patterns [Figs. 2(b) and 2(d)) of the same compositions (and consequent decomposition of PMN) is drastically

without the MgO addition sintered under the same con- decreased by the addition of MgO into the batch com-

ditions. This conclusively establishes that the provision position. The second observation concerns the splitting
of the perovskite diffraction lines when 0.6 wt. % MgO

10 J. Mater. Res., Vol. 6. No 6, Jun 1991
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V. Srikant and E. C. Subbarao: Chemical reactions of lead magnesium niobate titanate

750 C / 30 Min increasing the sintering time at 700 *C from 30 min to

240 min in rounding the grain shapes. An enlarged view
,18 - 0.9 0.2 of the sample with 20 wt. % glass addition, sintered at%MIO 0 0.1 0.2

54% 750 *C for 30 rin [shown in Fig. 11(d)], displays grains
100 1 100 with octahedral morphology (Fig. 13), which were iden-

S-tified by Chen and Harmer' as pyrochlore. The presence
90 of an amorphous or glassy phase facilitates the develop-

f, r4 so ment of the octahedral morphology.
80

E. Dielectric properties70
All the samples, irrespective of the perovskite con-

60 tent, show relaxor type dielectric behavior, as shown
in Fig. 14 for samples with 3 (sintered at 700 °C for

so 50 30 min) and 20 (sintered at 750 °C for 30 min) wt. %
glass. The peak dielectric constant increases with glass

40 additions up to 3 wt. % and decreases at higher glass
contents. This is clearly related to the amount of the per-

30 ovskite phase present, since both the pyrochlore and the
amorphous phases have low dielectric constants. Since

, 20 many samples in the present study were diphasic, no
detailed study of dielectric properties was undertaken.

i 10
" 

0. o IV. CONCLUSIONS

30 30 30 (1) The relaxor ferroelectric composition 0.93PMN-
0.07FF can be sintered to >95% of theretical density

750 C / 240 Min and with nearly pure perovskite phase at 7500-800 *C
% glass. 0.9 0.3 for 30 min by adding 3 wt. % of commercial sealing
%MgO 0 0.1 0.2 glass.

(2) The amount of the perovskite phase decreases
100 100 and that of the pyrochlore phase increases with increas-

-oing glass content (up to 20 wt. %), sintering temperature
an o 90 (up to 800 0 C), and time (up to 4 h). The perovskite

.80 ephase is absent in all samples sintered at 800 °C for 4 h,
80 even with the addition of 1 wt. % glass.

(3) The important role that depletion of MgO from
PMN plays in destabilization of PMIN is clear. The

60 presence of a second phase (crystalline or glassy) which
can accommodate MgO contributes to the instability

so 50 of PMN.
(4) The addition of 0.1 to 0.6 wt. % MgO to the

batch compositions originally containing 1 and 3 wt. %
glass results in a pure perovsldte phase, when the sam-

30 ples are sintered at 700-800 *C for 30 to 240 min.
(5) The grain size remains nearly constant at 3 Am

20 in the range of glass addition and sintering conditions
employed. The microstructure reveals rounding of the

10 grains due to reactions between the crystalline and glassy
phases. The distinct octahedral morphology of the py-

o 0 rochlore particles crystallizing from the liquid phase
30 30 30 is noted.

FIG. 9. X-ray diffraction intensity of (110) of perovskite PMN-PT (6) Relaxor behavior is exhibited by all the sam-

for compositions sitered at 750 °C for 30 and 240 min a function pies. The dielectric constant is dictated primarily by the
of MgO addition (0, 10, and 20% of gss). amount of the perovskite phase.

12 J. Mater. Rn., Vol. 6, No. 6, Jun 1991
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2.4% glass/ 0.6% MSO

730C/30Min 750 C/240 Min 800C/30MIn S00C/240 Min

too

In

70

50 !s

3030 38 Is

FIG. 10. Note the splitting of the (110) diffirction fine of perovsldte PMN-Fr compohitions with
0.6 wt. % MSO, sintered at 750 and SW0 C.
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3 wt 01 Gias

700 C/30 min 700 C/4hr

800 Cl 30min 800 C/4 hr

FIG. .2. Microstnucture of PMN.Pr with 3 wi. % glass sinteed at 700 and 800 C for 30 min and 4 b.
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La2T120 7 Ceramics
Paul A. Fuierer* and Robert E. Newnham*

Materials Research Laboratory The Pennsylvania Stote University University Park. Pennsylvania 1 68C2

LaTi2,O. powders were prepared uasing three different tech- size and shape. Many different oxides. hate been prepared
niques. Singlet-phase material was obtained at II3V0L by cal- using EDS or one of the related techniques described ina
cinacion of mixed oxides, at IOWrC by molten salt synthesis. review article by Sproson and Messing.
anid at ISMC by evaporative decomposition of solutions. Par- The MSS process uses d molten Sdit soltemn to1 act a-. the
tick sizes and morphologies of the powders differed sub- medium of reaction between the constituent oxides. 'The de-
stantially, as did the sintered microstructures and dielectric sired compound will form if it i.. thermod~namicall\ more
properties. Very dense q"%c, translucent, grain-oriented stable than the starting oxides. that is. if i, solubiit%~ in the
lanthanum titanate was fabricated by hot-forging at 13WVC molten salt is less than that (-) the reactant, Compared A ii h
under a ZOO-kg load. Anisotropy was demonstrated by X-ray solid-state reaction, a rclatisel high mobiot or reacting %pe-
diffraction, scanning electron microscopy, thermal expan- cies in the molten salt can lead to Complete reaction at lower
sion. and dielectric measurements. IKey words: lanthanum, temperatures and shorter times.
titanates. ferroelectrics. microstructure. orientation.] Hot-forging is a means of achies ing. textured metals or ce-

ramics. Applying a uniaxial load to a compact at high irm-
1. Introduction peratures without constricting the lateral -flow16 can lead to

ANTH-%%N1 ITANTE La-i-O- isa mmberof he am- densification with grain growth and orientation in the direc-
AxTHCS ?IAAE la:T:O-)iS meberof he am- tion perpendicular to the forging axis. Takenaka and Sdkdta

.Lily of ferroelectrics with a perovskite-like layer structure used this technique to make orie-nted Bi.Ti-.O: and other his-
tPLS) sometimes referred to as the strontium pyroniobate muth laver structure ferroclectrics. and demonstrated the an-
family. Single crystals of lanthanum titanate were found to isotropy in electrical and piezoelectric properties.
exhibit strong piezoelectric and electrooptic effects.' and to The 'present insestigation compares the morphology. ,inter-
be ferroceectric with an extremely high Curie temperature ing behavior, and sintecred microstructures of the three difter-
T = 1500;Ct. ,The room-temperature structure of La:Ti:O- cnt La:Ti:O- powders and relate% them to the obser~.ed

has been reported to have two modifications. one with svitI dielectric properties. Further comparison is made with the
metry P2 ." and one with symmetry Pbn2i.t At approxi- anisotropy in hot-forged La:Ti:O- ceramics.
mately 780:C the structure transforms into orthorhombic
space group Cmc:, and at 1500-C it transforms into the 1.Eprmna rcdr
paraclctric phase with symmetry Cmcm.' The various poly- I.E~rmna rcdr
morphs of all A.-B:0- PS compounds originate from this 11) Powder SyVnihesjs
high-temperature prototype structure. It is characterized b\ 1A)t Mixed Oxide. Reagenrt-gradc (99.14"1 purityi L.1:O
corner-shared BO. octahedra and 12-coordinated A cations and TiQ- in 1:2 mole ratio were mixed for 4 h in alcohol
within the perovskitc-like slabs, which arc linked by A using zirconia media. The slurr% was dried and then calcined
cations at their boundaries. The anisotropy of the structure is at I1150-C for 3 h and rem ilIled for 4 h. Loss on ign i tion of t he
expected to lead to anisotropy in dielectric and electrical raw materials prior to weighing was required because of the
properties. hygroscopic behavior of La O0.

Because of its extremely high Curie temperature. La.:Ti:O- i'B) Eiaporaiiie DecLoPposuiboI iof Solutions: Starting
is a promising candidate for high-temperature piezoelectric materials were reagtent-gradle TiCI. and La:O-.. An aqueous
and electrooptic devices. Lanthanum titanate ceramics are solution was prepared b mixing stoichiometric amounts of a
also under consideration as a low temperature coefficient of lanthanum nitrate solution, titanium tetrachloride solution.
capacitance (TCCi material and as a microwave frequency and distilled water. The concentration was 0.05 mol oft
dielectric. La:Ti-O- per liter. The solution was fed into an ultrasonic

To date. La:Ti:Q- ceramics have been fabricated only b% atomizer crating. a fine mist which was carried through the
con-sentional solid-state reaction of the oxides. "Coprecipita- fused silica reaction tube of the .ertical furnace. A descrip-
ion has been used to prepare powders." "but sintering. micro- tion of the EDS system can be found in a pre% ious publica-
structural. and property measurements have not been carried tion.'" The hot zone of the furnace wais fixed at Y$641 C
out. W~e have prepared La:Ti:O.. powder using three differ- Samples of the as-spra~ed powder were then heat-treated at
ent processes: tIi conventional calcining and milling of mixed temperatures from 5W t tMoNC.
oxides IMO). (2) evaporative decomposition of solutions (C) Molten Sult S withi,'o Reagenit-grade La:O ind
iEDSi. and 031 molten salt synthesis MNSS). TiO- were mixed in a 1-2 ratio in deilonized water and zirco-

In the EDS process. a solution containing the proper ratio nia media. A -salt of composition 50 moll" NdCl,' 50 moP>r KCI
of metal atoms is atomized into a hot reaction furnace. The was then added. in most cases constituting 50 wtVe of the totil
product collected at the output is usually a chemically homo- reaction mixture. The mixing. was continued lor I h. and the
gceous. highly reactive oxide powder of uniform particle slurr% was then dried at 151VC. The dried mass wa, then

lightly ground with mortar and pestle and dr% blenei.j into i
________granular powder. This powder was placed in a closec w.mini

D Clarke -;untirhuting editor crucible and reacted at temperatures ranging from sixi to
15fK1-C. The cooled fused mass waswashed using distilled wa-
ter and centrifuge. Washing was repeated until the specific

Man~crpi t, ~mm'4Recite Mach 5.141 apro~d Jl% 4 IMl conductance of the dlecanted liquid fell below 3 l.LS. measured
Supported t-% the Ejsimdn Kodak Co thrugh a ICIlowship granti using a conductance meter. iThe conductance of deionizcd
"ietie~r .rmersin Ceramic~kSie. water was 1.5 AASA



(2) Ceramic Fabrication
IA) Conventonal: Ceramic samples were prepared from i c

each of the three La.Ti.O- powders by addition of 2 wt% A ,
bin,4er. pressing 12.5-mm-diameter pellets at 1.38 MPa. and
sintering on zirconia setters for 5 h at various temperatures. :c

(B) Hot-Forged (HF): Pellets (12.5 mm) from the cal.
cined and milled mixed oxide powder were presintered to ±

roughly 60% of theortical density. A uniaxial load of 200 kg i _
was applied to the pellet for 3 h at 1300C in a hot-pressing Z
apparatus.(31 Chiaructeri:atien

X-ray diffraction (XRD) was used for phase identification .
of the various powders. The La:Ti.O- patterns were indexed
to Pbn2, svmmetrv and used for lattice parameter calculation
using a least-squarcs procedure. A scanning electron micro-i35o~c -

scope (SEM) was used for microstructural characterization of l i
both powders and sintered bodies. Sintered cross sections .-i
were prepared for the SEM b% polishing down to 1-Mm-A
diamond finish, followed by a thermal etch at l450:C/30 mm. 20 30 ,00 S

Particle sizes were estimated from several micrographs taken
at random. Densification was determined by the average geo- 2 1degrees)
metric densities as a function of sintcring temperature. A Fig. 2. X-ray diffraction patterns ot ianthanum titanate powder,
dilatometer %as used to measure the thermal expansion of prepared by molten salt sol',ent synthests at %arioui reacion m-
bar-shaped samples over the temperature range 25 to IOW-C. peratures.

Dielectric testing was carried out on 12-mm-diameter disk
samples ground and polished to -0.5-mm thickness and elec- sprayed powder upon heat treatment. Figure 2 shows the pat-
troded with a layer of sputtcrcd platinum followed by fired-on terns from MSS powders reacted at different temperatures. Atplatinum paste. A Q-mcter was used for measurement of Q 800'C. the product was a poorly crystallized cation-dcficient
itan 6 -1 and capacitance at high frequency. An LCR bridge peroskite La: TiO.. Abe and Uchio reported the ' n-
and oven interfaced with a computer were used to determine thesis of this compound at 1350'C in a controlled CO:-H:
the temperature coefficient of capacitance. atmosphere. At 900-C the product was a mixture of

La, :TiO,., and La.Ti2 O-. and at 1000'C single-phase
11. Results and Discussion La.Ti.O- was obtained. Table I gives the calculated lattice

i) Phase Development and .Wicrossrucmure parameters along with the single-crystal values trom theliterature.
Calcination at 1150C for 3 h was found to be necessary to The particle morphologies of the three types of La:Ti:O-

obtain single-phase La:Ti:O- ,ia the conventional MO tech- powders were very different and are shown in Fig. I The
nique. By using the EDS and MSS processes, we were able to calcmned and milied MO powder consisted of hard aggregates
achieve phase pure material at :5,50 and V.00"C. respectively. of submicrometer. almost equmaxed particles. The as-spra.ed
Although the EDS furnacc was set at its maximum tempera- EDS material was made up of 5- to 25-Am diameter. tree-
ture of YbO:C. the particle dwell time t-0.5 s) was not long flowing. smooth. spherical particles. After heating to LM-C.
enough to .ield a highl. cr%tallinc oxide. Figure I illustrates the pritmar crystailites i0. e to A. f tm) making up the ipher-
the development of the La:Ti:O- X-ray pattern from the as- cal aggregates were apparent (Fig. 3(d)). The MSS powders

contained free or lightly agglomerated platelets, the size of
which depended on the reaction temperature. Table 11 sum-

.so marizes the cnaracteristics of the lanthanum titanate result-
ing from various MSS reaction conditions. Generally. the

- higher the temperature. the larger the particle size. Platelets
A ooc with the largest aspect ratio ilongest smallest dimensioni were

,, -o obtained at 1350-C. Note that when a large amount of salt
solvent was available (90 wt%). a bimodal distribution of par-

sr ticle sizes resulted.

5 Because of the very different nature of the powders. differ-
ent sintering behavior was expected. Figure 4 is a plot of theo-

Zt -, retical density as a function of sintering temperature. The
microstructures of the highest-density samples are shown in

. - Figure 5. Maximum densities were achieved at 1S00:C for
-T MO and MSS La:Ti.O-. and at 1450*C for the EDS powder

ao tO2 -,. The rDS compact sintered at a lower temperature because of
_m the intimate mixing of La and Ti atoms inherent in solution

Table 1. LaITi.O, Lattice Parameters i Pbn2, symmetrv,

a, 30:I -'010

Single crystal (Ref. 5) 7810 25.745 5.547 1115
28 1degrees MO 7.803 25.687 ;.542 tlll

EDS iheated 900:C) 7.811 25.687 5.542 Ill2
Fig. I. \-ra, dtffraction powder pattern% of lanthanum ttafnate I|SS IMO 7 S06 25.698 5.544 111
prepared h, the eaporati.e decomposition ot solutions. i'- MSSII00 7.811 25.725 5.546 11 -1
spraed and heat-treated (or 3 h ait arious temperatures
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(b)

(c) (d)

19.

Fig. 3. Scanning electron micrographs of La:Ti:O- powder prepared by iai calcined and milled mixed oxides. ib) molten sail snthesi, it
1350'C. ici EDS las-sprayed). and idi EDS (heated at 90I-C).

precursor processes. However. the hollow spherical aggre- particles usually lead to inefficient packing and low sintered
gates left pores behind, and a maximum density of only 92% densit. as demonstrated in sample MSSI35.. The micrograph
was realized. Regions of large and regions of small grains in shows. though. that some alignment of the plates pcrpcndicu-
the microstructure suggest the occurrence of exaggerated lar to the pressing direction took place. This was confirmed
grain growth. by XRD of the surface. The degree of orientation i, c\-

MO lanthanum titanate reached 97.5i (theoretical den- plained below.
sit% - 5.782 g/cm ). Randomly oriented. irregularly shaped Hot-forging yielded a 99%e dense. highly translucent cc-
grains had a wide size distribution from 5 to 100 Am. The ramic with the very high degree of preferred orientation
densification of MSSIIOO closely followed that of the MO shown in Fig. 6. The XRD pattern from the surface perpcn-
compact because of a similar starting particle size: howccr. dicular to the forging direction (Fie. 71 show, the incrcaald
the final grain shape was more platelike and the size distribu- intensities of the OkO reflections of the Phn2 modification
tion much narrower. Randomly oriented. highly anisometric This means the thin dimension of the platelet: correspond, to,

Table i. Results for Molten Salt Synthesized Powders
R ,tcistun Salt solent ,tr-, Pc

C h Siartin Lo pre'ent" ' "dllA rim, CrmmeniI

800/3 50 8.3 LT
90/3 50 9.9 LT and LT

1000/3 50 14.5 LT < I 3:I Agglomerates ot small platelcts
1100/1 so 14.8 LT 1.( i.1 Agglomerates of small platelets
1200/24 10 43.5 LT 1.4 5: I Agglomerates ot small platelets
1300/I 50 20.2 LT l. : Agglomerates of small platelets
1350/ 50 48.0 LT 4.5 12:1 Well-defined platelets
1400/4 50 100 LT 4.1 11:1 Well-defined platelets
1465/1 50 100 LT Al 3:1 Not well-defined, plates fused together

50 LT - 10:1 Bimodal distribution
' - - L.,TdJ 1 ti Lare



100 HF peak intensitie .

so0-
'a where

80 - -

*over a certain range of 20 values.": p.,= p for an unorientud

sample to 1.0 for perfect alignment. For the hot-forged

La:Ti:Q- f =0.79. while for the MSSIM-0 sintered sample
-0 - [SL00f= (.25.

12) Dielectric Measurements

50Table IlI lists the dielectric data measured at 100. kHz tr
the ,arious types of lanthanumn titanate ceramics. Figure

.~Si350show~s the frequenc,, dependence of the dielectric qualit% tjc:-

400 10 1 ~ 10 tor. Q. The dielectric pcrmittivities. E.. remained consta nt up
1200 300 400 500 1600 to 50 MHz. within the error of measurement. NMO lanthanum

5inter Temperature (C) titanate ceramics had higher permittivit% i4. than the pre-
%iously reported %alue of 44 iRef. 7). The Q remained hichFig. 4. Percent of theoretical density %s sinterine temperature for NMI' up to _' MHz. but then dropped oft rapidh% to _'N -.it

conventionally sintered Li.Ti:O- powder produced by mix~ed ox-
ides. evaporative decomposition of solutions. and molten salt yvn- 50 NHz. The EDS sample had high dielectric loss with :%:
thesjs and the hot-forged compact. greater frequency dependence. possibly caused b% %.oid'. poor

densification. and the presence of a reduced state of titnturn.
the large b-axis iperpendicular to the perovskite slabs in the Ti". The EDS ceramics were yellower when compared to the
structure), consistent with the general finding that the habit off-white color of the other La-Ti:O- samples. The rni\ej
of the crystal corresponds to the reciprocal lattice of the %alence state Ti'--Til could le:ad to an clectron-hoppirw
structure. The degree of orientation can be quantified by cal- mechanism of conduction and higher losses. The reason bor
culation of the Lotgcring orientation factor. f.from XKRD the possible mixed vaiencv is not clear.

Fig. S. S,,anng electron microaraphs of ,intered La:Ti:O- eersmia% aj \10. ils EDS. fca MSS at 1100'C. and (d) MvSS at 1141,i C
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by the crystallographic axes a and c. E. 54. The corre-
sponding single-crystal values are E. = 52 and E. = 62. Ic.,
the polar direction.) The Q of the very dense hot-forged
samples exhibited the least frequency dependence. especially
with E applied perpendicular to FA.

Table IIl also lists iinportant temperature dependence
parameters. A low temperature coefficient of capacitance
(TCC) is necessary for stable capacitors. The capacitances at
100 kHz varied approximatelv linearly over the temperature
range 04 to 230-C. The TCC of MO La:Ti:O. was 41 ppm,: C.
This is in good agreement with 30 ppm/'C at I MHz from
-40z to 2JC. reported by Marzullo and Bunting. The TCC
of hot-forgzed La :Ti :0-was found to be very direction depend-
ent: -18; ppm/'C 'parallel to FA. and - 14 ppm/'C perpen-
dicular to FA. %MSSSI3,;0. with a more random arrangement
of similar -size platelets, had a TCC between these two values.

Thermal expansion was nearly constant from 25 it,
1000'C. For dense. randoml% oriented La:Ti:0-. TCE =
11.3 ppm/fC. The TCE was lower parallel to the h-di%.

Fi.6. The cross section of La:Ti.0O- hot-forged at 19.8 ppm/ tCt than perpendicular to h (13.7 ppm. -Ci.
13i-C':ookg/ h. The foritina axis was in the vertical direction A low temperature coefficient of resonant frequenc% is de-

with respect to the micrograph. sirable for microwave dielectric resonators ( TC. < 3 PPM
-C).' TC, is calculated from TCC and TCE:

TC, ( -TCC + TCE)

1aliwi-fofied This value is effectivel% zero for the hot-forged sample with E

130'C!00: and .11 perpendicular to the FA.

Frthe first time. La.:Ti-.0- ceramics have been prepared
ac- by evaporative decomposition of solutions, molten salt s~ n-

I. L~0thesis. and hot-forging. The powder morphologies. ceramic
A microstructures. and dielectric proper-ties were compared to

Z.01; conventional ceramics sintered from calcined and milled o\-
X i ides Single-phase La:Ti.:O- powders were svnthesized h\~

JNA- , , 1Aheat treatment of EDS powders at 850'C. and by reaction ot
bj~ 135 oxides in a molten salt at 1000-C. EDS powders were spheri-

biSV 300T cal agglomerates of submicrometer crystallites and were very
iinwud tOOC '~ reactive, but resulted in a sintered ceramic with poor micro-

- !.AA- structure. significant porosity. and high dielectric loss.
so 20 go 10 0 The MSS process \ielded well-dlefined platelets. The size of

29 idereesithese platelets could easily be controlled by selection of the
reaction temperature and time. A high-density. unifor-

Fig. 7. X-ra% diffraction pattern from the polished surface ot microstructure. low-loss ceramic was made with MISS pov-
La:,Ti:Q- ceramic tai hot-forged and (bl MS513541 siniered at ders reacted at 11WXiC Tape casting of these MISS powder,
15eNYC could be used for grain orientation.

High-dcnsit\v lanthanum titanate ceramic with hiah dceee
NMSSIIIK. with small and uniform grain size and dense of preferred orientation was fabricated using a hot-torgine

microstructure. had a high Q over the frequency range of the method. The samples showed anisotropy in dielectric
meter. The rather low dielectric constant of MSS13_% is a con- constant. TCC. and thermal expansion. and an improved irc-
%equence of a low sintered density (92.447) and some degree quency dependence of Q over conventionally prepared
of grain alignment, ceramic. Stice: *d:TiO- and La-T:O0- are used as majour

the anisotropy in dielectric constant is clear from measure- components in high-K microwave dielectric formulations.
ments of the hot-forged sample. With the electric field. E. this information concerning the anisotropy in propertic,
applied parallel to the forging axis (FA). r = 42.5. in good could be used io further improve the loss and temperaturc
agtreement with the singtle-crystal value F. 42. With E ap- dependence characteristics of ceramic dielectric resonator-~
plied perpendicular to FA. and thus along the plane defined Vse are presently carrying out a study of hot-forged La:Tt:Q-

Table 111. I10klz Dielectric Data and Thermal Dependence for La-TizO- Ceramics
# OT Q PT TCCw-:' C, rC-E3-iiia CT

Z: I" PPM C. fppm-C1 PPM C,
."O 48.8 5300 41 11.3 -26
EDS 445.9 900 147 9.9 -78
NOSSIUN) 416.5 4750 5M 11.3 -3 4
.MSS 1350 44.0 3500 -71 10.9 -44
H-F E. FAI 42.5 2950) 188 9.N.89

HF( i54.1 2600 - 1. 13 0
. -~ pA
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Effects of pH and H202 upon coprecipitated
PbTiO 3 powders
Part II Properties of calcined powders

G. R. FOX, J. H. ADAIR, R. E. NEWNHAM
Materials Research Laboratory, The Pennsylvania State University, University Park,
Pennsylvania 16802, USA

PbTiO 3 was prepared by coprecipitation and calcination from mixed solutions of TiCI4 and
Pb(N0 3 )2. The effect of pH in the precipitation solution on the properties of calcined pow-
ders was studied by calcining coprecipitated precursor powders prepared at pH values be-
tween 8.00 and 10.50. The effects of H20 2 were studied by preparing PbTiO 3 powders from
mixed solutions containing H20 2: PbTiO3 ratios between 0:1 and 6:1. Synthesis of phase
pure PbTiO3 by coprecipitation and calcination is highly dependent upon the complex ionic
equilibria dictated by the pH. The pH used for precipitation determines the types of crystalline
phases formed from coprecipitated precursor powders. The rate at which amorphous precipit-
ates transform to crystalline PbTiO3 during calcination is also affected by both the pH and
H20 2 additions. High purity (greater than 98%) PbTiO 3 with a rapid amorphous-to-crystalline
transformation rate was obtained for H20 2 : PbTiO3 = 1.1 :1, and pH = 9.65 to 9.75.

1. Introduction were fired in covered alumina crucibles at 600 :C with
The formation of crystalline PbTiO 3 from copre- a 5 h hold time. The samples were heated and cooled
cipitated precursor powders followed by calcination is at 5 'C min- .

dependent upon the species contained in the All calcined powders were analysed by X-ray
precursor. In part I of this study [I] the properties of diffraction* using CuK2 radiation at a scan rate
the precipitated precursor powders prepared from of 1 '20min- . Integrated peak intensities were ob-
Pb(N0 3 )2 and TiCI, solutions were presented. This tained at a scan rate of 0.1" 20min- t with a copre-
paper presents the powder properties after calcination cipitated PbTiO 3 powder (pH = 9.90 to 10.05,
of the coprecipitated powders prepared in part I and H20 2:PbTiO 3 = 1.1:1, calcined at 800'C for 262h)
discusses how the properties of the precursor powders used as an external, fully crystallized standard. All
are related to the properties of the calcined powders. samples were prepared as back loaded packed powder
Since pH, speciation, and concentration of species specimens. The specific surface areas of the calcined
influence the properties of precursor powders, the powders were obtained by a nitrogen adsorption
effects of these variables upon the calcined materials technique.!
will be discussed.

2. Procedure for PbTiO3 preparation and 3. Results and discussion
powder characterization 3.1. Effects of pH on properties of calcined

Two sets of coprecipitated powders were prepared precipitates
from stock solutions of Pb(NO3 )2 and TiCI, as de- Table I lists the crystalline phases within each of the
scribed in the first part of this study [1]. The first set of calcined powders as determined by X-ray diffraction.
powders was prepared with an H20 2 : PbTiO3 ratio of X-ray diffraction patterns of the first set of powders
1.1: 1 but the five powders were prepared over differ- prepared at constant H,0 2 :PbTiO3 ratio 1.1: 1 and
ent pH ranges of 8.00 to 8.20, 8.50 to 8.65, 8.90 to 9.15. various pH conditions exhibit formation of PbTiOJ,
9.65 to 9.75. and 10.15 to 10.30. The second set of but a low intensity unidentified peak is observed at
precipitated powders was prepared at a constant pH d = 0.294 nm (see Fig. I). The intensity of the uni-
of 9.90 to 10.05 with the five powders in the set dentified peak increases with decreasing pH values
composed of H 201: PbTiO 3 ratios of 0: 1, 0.5: 1, 1. 1: 1, below 9.00. The pH value at which the intensity of the
2: 1, and 6:1. 3 g samples of each resulting powder extraneous peak begins to increase corresponds to the

* Sintag Pad V diffractometer. Santa Clara. California. USA.
t Quantachrome monosorb, model MS-12. Syosset. New York. USA.

0022-2461191 $03.00 + .:2 1_ 1991 Chapman and Hall Lid. 1187



TABLE I Phases formed under vanous pH and H:O 2 concentra- lead speciation, or a combination of these phenomena
tions is responsible for the appearance of the second phase.

The specific surface area is plotted against pH for
pH H2 0 2 : PbTiO3  Phases the calcined powders in Fig. 2. There is negligible

8.00-8.20 !.1:1 PbTiO 3 + unknown 44%1 change in the specific surface area with increasing pH.
8.50-8.65 1.1:1 PbTiO 3 + unknown (3%) indicating that the calcined powders consist of par-
8.90-9.15 1.1:1 PbTiO 3 + unknown (< 2%) ticles of the same size, assuming similar morphologies
9.65-9.75 l.1:1 PbTiO + unknown( < 2%) for all particles. The ultimate particle size of the
9.90-10.05 L.1:! PbTiO 3 + unknown < 2%) calcined powders is apparently independent of the

10.15-10.30 .I:I PbTiO 3 + unknown( < 2%)
9.90-10.05 0:1 PbTiO 3 + unknown)<2%) Specific surface area and particle size of the as-
9.90-10.05 0.5:1 PbTiO 3 + unknown)< 2%) precipitated powders shown in part I, Fig. 5 [I].
9,90-10.05 2:1 PbTiO 3 + unknown <2%) Fig. 3 shows the concentration of crystalline
9.90-10.05 6:1 PbTiO3 + unknown (< 2%) PbTiO, as a function of pH for the calcined powders.

Only the calcined powder prepared at pH = 9.65 to
9.75 exhibits 100% crystalline PbTiO3 . The precise

pH for the solubility minimum and speciation change maximum in the curve may occur anywhere between
for the lead system. pH = 9.2 to 9.7. Again, the solubility minimum for the

Since the intensity of the unidentified diffraction lead species corresponds with this finding. The fact
peak does not increase at pH values above 9.00. it is that Fig. 3 exhibits an inverse relation to the solubility
likely that the formation of the second phase, causing against pH curve for the lead system strongly suggests
the appearance of the diffraction peak, is not con- that the formation of crystalline PbTiO 3 is controlled
trolled merely by solubility of the lead. Also, if solubil- by the solubility of the lead species.
ity did control the formation of the unidentified phase. The effect of pH upon the quantities of crystalline
aqueous lead or titanium species should have been PbTiO 3 within the calcined powders cannot entirely
observed in the filtrate of the precipitates. It was stated be attributed to changes in rates of transformation
in part I that less than I x 10' mol' of lead and from the amorphous to the crystalline state. As noted
titanium species were observed in the filtrate solutions in Table I and Fig. I a small quantity of second phase
[I]. Change in the speciation of the lead from HPbO2 was observed in the X-ray diffraction patterns. The
and other complex lead hydroxo ions to Pb2 * below increased quantity of unidentified second phase with
pH = 9.34 correlates with the appearance of the sec- pH values below 9.00 will correspondingly decrease
ond phase. A study surveying a wider pH range than the fraction of PbTiO 3 present in the powder speci-
the present study is required to determine conclusively mens. If it is assumed that all the calcined powders
whether solubility of the lead species, change in the consist of crystalline PbTiO3 and the unidentified

4.44 3.S6 2.98 2.56 2.25 2.01 1.6z
2000I I I i '100
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Figure I X-ray diffraction patterns of calcined powders 1600 C for 5 h) precipitated at vanous pH conditions. PbTiO 3 is the primary phase
but an unidentified peak is found at d = 0.294 nm marked by 0)I.
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12 crystalline phases present in the calcined powders.
Although the type of crystalline phases formed from
the precipitates is not influenced by the HO2 addi-

-.lt tions, the widths and intensities of the diffraction
'CO peaks change with increasing H20 2 concentration (see
*e Fig. 4).
t0 T The change in specific surface area of the calcined

*powder as a function of H20 2 concentration during
precipitation is shown in Fig. 5. There is a minimum in

9 the specific surface area at an H20 2:PbTiO3 ratio
1.1:1. The as-precipitated powders described in the
first part of the study [1] exhibited a maximum in the

6 s specific surface area at H20,:PbTiO 3 = 1.1:1. The
powders with the highest specific surface areas before
calcination have the lowest specific surface areas after

7.5 .0 . 9. 9.5 .0. . 5 calcination. Therefore. the powder prepared with7.5 6.0 &.5 9.0 9.5 10.0 10.5
pH H2 0 2:PbTiO 3 = 1.1:1 exhibits the highest growth rate

Figure2 Effects of precipitation PH upon the specific surface area of during calcination which is consistent with the largecalcined powders 000 C for 5 h). surface area of the precipitate prior to calcination.
In Fig. 6. the X-ray diffraction integrated I I I peak

intensities were used to determine the concentration of
crystalline PbTiO 3 relative to an external PbTiO 3

100 standard. The concentration of PbTiO 3 displays a
maximum as a function of increasing H20 2 concen-
tration. The results indicate that the powder prepared

rn with H 20 2 :PbTiO 3 = !.!:1 contains the highest con-
centration of crystalline PbTiO3 and therefore trans-

C 95 forms from the amorphous to the crystalline state at
• zthe fastest rate. Comparison of the data in Figs 5 and 6

supports the contention that the precipitate prepared
C with H 20 2 :PbTiO3 = 1.1:1 has the highest nucle-

- ation and growth rate during transformation from the
go

z amorphous to the crystalline state.
The reason why H 2 0 2 affects the nucleation and

growth rate of crystalline PbTiO 3 during trans-
formation from the amorphous precipitates may be
due to several factors. First, since the free energy for

Is . . 9 9.5 10.0 10. the transformation to the crystalline state is partly
PH dependent upon the reduction of surface area [2. 3],

Figure 3 Effects of precipitation pH upon the concentration of the amorphous powders exhibiting the highest specific
rystalhne PbTiO3 in the calcined powders (60'C for 5 h). surface area will have the largest driving force for

transformation. Therefore, the effect of H 20 2 upon
the nucleation and growth rates may only be an

second phase, then formation of the second phase artifact due to the influence of H20 2 on the specific
would appear to be controlled by the solubility of the surface area of the precipitated powders. Evidence for
lead species. As stated previously, however, a study this is given by the correlation between the maximum
covering a wider pH range is needed to determine in the specific surface area plotted against
whether the formation of the unidentified phase is HO:PbTiO3 for the as-precipitated powders (see
controlled by lead solubility, changes in speciation of Part I, Fig. 3) [1], and the maximum for concentration
the lead, or a combination of these phenomena. Both of PbTiO 3 against H 202:PbTiO 3 (Fig. 6). This cor-
the transformation rate of the amorphous powder and relation in maxima suggests that the powder prepared
the formation of the second phase are likely to con- at H 20 2 :PbTiO 3 = 1.1:1 exhibits the highest
tribute to the pH dependency of the quantity of amorphous to crystalline transformation rate because
crystalline PbTiO 3 observed in calcined powders. it exhibits the highest specific surface area, and there-

fore, the highest surface free energy change upon
transformation and growth.

3.2. Effects of H 20 2 upon properties of Another reason why H 2 0 2 influences the nucle-
calcined precipitates ation and growth rates of the crystalline PbTiO 3 may

All X-ray diffraction patterns of the calcined powders be due to the effect that H20 2 has on the anionic
from set two, with increasing H20 2 : PbTiO 3 ratios, species present in the precipitates. As found in Part
exhibited primarily PbTiO3 peaks with less than 2% [1], carbonates are formed when no H20 2 is added to
by weight unidentified second phase. This finding the system, and changes in structural water content
indicates that H20, additions do not affect the may occur at high H 2 0 2 concentrations. Therefore.
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Figure 4 X-ray diffraction patterns for calcined precipitates (600 C for 5 hi prepared with increasing H.O. concentration. Pure PbTiO3 IS
observed for each of the powders.
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Figure 5 Specific surface area of calcined precipitates (600 'C for
5 hi with increasing H 20, concentration. Figure 6 Effects of H1 2 concentration upon concentration of

crystalline PbTiO 3 in calcined precipitates (600 TC for 5 h).

the pronounced effect that H202 has upon the trans- ation of lead and titanium and their chemical derivat-
formation of the amorphous precipitates to crystalline ives. Both solubility and speciation are dependent
PbTiO3 is most likely due to a combination of the upon concentration and pH, and therefore, both con-
effects that H 102 has on both the specific surface area centration and pH will affect the phases formed dur-
of the precipitates and the anionic species contained in ing the preci pi tation-calci nation process. The final
the precipitates. crystalline phases are not affected by H20, additions.

Pure PbTiO 3 is not obtainable at pH below 9.00
because of the appearance of a persistent second

4. Conclusions phase. Above pH 9.00 greater than 980/ by weight
Formation of crystalline PbTiO3 in powders prepared pure PbTiO 3 is formed but the rate at which the
by the coprecipitation-calcination process is found to amorphous precipitates transform to crystalline
be highly dependent upon the solubility and speci- PbTiO3 exhibits a maximum as a function of both pH
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The hydrothermal crystallization kinetics for the perovskite PbTiO 3 have been investigated under autogenous conditions at
temperatures in the range of 225-250"C and feedstock concentrations of 0.1-1.0 M. At these temperatures, crystalline perovskite
particles were obtained in approximately 4-7 h. Transmission electron microscopy (TEM) of the product oxides showed nanometer
sized crystallites with an elongated morphology. The crystallization kinetics were monitored using X-ray powder diffraction on
samples extracted from the reaction mixture at various times. The crystallization rate data were analyzed according to a generalized
solid-state kinetic treatment which, along with microstructural evidence, suggest that the PbTiO3 formation reaction proceeds via a
dissolution-recrystallization mechanism. It is proposed that the precursor amorphous hydrous oxides of lead and titanium dissolve
and recrystallize to form the perovskite phase. The relative rates of dissolution and recrystallization were found to be strongly
temperature dependent within the range examined. At all temperatures, the recrystallization kinetics appeared to obey a
zero-order rate law. An apparent activation energy of 7.2 kcal/mol was estimated for the hydrothermal PbTiO 3 formation reaction.

1. Introduction reactions, but with correspondingly enhanced dif-
fusion rates [9]. The reaction mechanisms and

Hydrothermal particle synthesis involves the sequences that can lead to crystalline particle
treatment of aqueous solutions or suspensions of formation therefore include dissolution or trans-
precursor particles at elevated temperatures and formation of any solid precursor phase(s), diffu-
pressures. The reactions occurring in hydrother- sion in solution, adsorption at the solid-liquid
mally treated solutions of inorganic compounds interface, surface diffusion, incorporation of so-
can produce fine, high purity, and homogeneous lute material into the lattice, and crystal growth
particles of single and multicomponent metal ox- steps [8-121. Unfortunately, the relatively high
ides under the appropriate conditions [1-81. Fur- temperatures and pressures for hydrothermal
thermore, particle sizes from nanometer to cen- syntheses (e.g., 100-500*C and 0.1-14 MPa, re-
timeter ranges can be synthesized depending on spectively) prohibit in most cases the use of in-situ
the configuration of the hydrothermal equipment. systems to monitor the course of the reactions
However, the reaction sequences in hydrothermal leading to product particle formation. Conse-
systems are complex, and at the present time quently, meaningful data relating to particie for-
there is scant information regarding the reaction mation can at present often be obtained only by
kinetics and underlying mechanisms [9]. Hy- studying the solid-state nature of the reaction.
drothermal reactions are analogous to solid-state In the present work, we have evaluated the

hydrothermal formation of the binary lead tita-

Currently with IBM Fishkill. Hopewell Junction, New York nium oxide, PbTiO3 . The solution speciation and

12533. USA. phase equilibria for this relatively complex, but
" Currently with Material Science and Engineering, Univer- technologically important, system have not been

sity of Florida. Gainesville. Florida 32611, USA. studied. However, there have been several studies

0022-0248/92/05.N) C 1992 - Elsevier Science Publishers B.V. All rights reserved
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verifying that lead titanate is the stable corn- 2. Materials and methods
pound under a wide range of hydrothermal reac-
tion temperatures and pressures [2-81. Further- The hydrothermal synthesis of particulate lead
more, studies that preceded the work currently titanate employed a solution crystallization proc-
being reported have demonstrated that a range ess carried out at relatively modest temperatures
from pH 9 to pH 10 is suitable to produce stoi- and pressures (225-250*C and 1.38-5.17 MPa,
chiometric PbTiO., with the perovskite crystal respectively) [6]. The preparation of the feedstock
structure [61. The objective of this study was to materials was conducted according to the
obtain kinetic data on this system to better un- flowchart shown in fig. 1. Experiments were per-
derstand the particle formation mechanisms for formed in a I liter 316 stainless steel autoclave
the complex binary oxides and, in particular, the equipped with a magnetically driven stirring unit
perovskite family of materials. (Model 4521, Parr Instruments Co., Moline, IL).

Lead Acetate Titanium

DWash wi th A na Water,

Adjust H with Ai
NH40H to pH 9.5-9.6

yFeedstock Sustnsion

Hydrothermallysi
(225 2352 sn co

5 mi Samrples Extracted I
as a Function of Time

Wash with Ammniatodl Water.
and Dry at 25 OC in Air

SX-Rlay Diffraction
and TEM AnalysisI

Fig. 1. Flow chart for the hydrothermal synthesis of PbTiO3 designed to collect crystallization data as a function of time.
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Samples of 5 ml size were extracted under
isothermal conditions at various times during the
crystallization process. The extraction of these
relatively small samples was accompanied by min-
imal reactor pressure losses (- 0.014-0.034 MPa).
The solid portion was immediately separated from
the extracted suspensions by filtration and/or
centrifugation depending on particle size. The
solids were then washed with deionized water
whose pH had been previously adjusted to pH 9.5
with ammonium hydroxide, filtered again, and air 100%

dried at room temperature. It was observed in
preliminary studies that washing the powders with
a solution near the pH for the minimum solubility -o

Z
of lead oxide and lead titanate was necessary to
limit incongruent dissolution of the lead from the 80.4%

hydrothermally treated powders. X-ray powder
diffraction patterns for the extracted samples 5
were obtained using an automated diffractometer W
employing Cu Ka radiation. The degree of crys-

tallinity of thc solids was asscsscd by integrated
intensity analysis of the (101) reflection [131. 0%
Bright field transmission electron micrographs
(TEM) were obtained on selected samples and
used to estimate the mean particle size. The
surface areas of the powders were determined by
an automated nitrogcn adsorption technique
(Monosorb, Quantachrome Corp., Syosset, NY). DEGREES 20

Fig. 2. Examples of X-ray diffraction patterns showing the
typical change in crystallinity as a function of reaction time for
hydrothermally treated PbTiO3 . Data are for 0.33M feedstock

3. Results and discussion hydrothermally treated at 225C for 0 time (0% crystallinity),

and 37.6%, 80.4%. and 100% crystallinity.
3.1. Materials characterization

Typical X-ray powder diffraction patterns for with a relatively uniform, acicular morphology.
the PbTiO, crystallization sequence as a function The influence of feedstock concentration on par-
of hydrothcrmal reaction time arc shown in fig. 2 ticle size and surface area for the PbTiO 3 crystal-
for samples from a 0.33 molar feedstock solution lized at 225°C is shown in table 1. Particle size
at 225°C. As shown in the figure, the starting increases with feedstock concentration as judged
feedstocks were amorphous and became increas- by direct observation from the TEM micrographs
ingly crystalline with time. Under these condi- and specific surface area measurements.
tions, no change in crystallinity was detected by
X-ray diffraction after hydrothermal treatment 3.2. Crystallization kinetics
for -' 7 h. TEM micrographs corresponding to
these samples are shown in fig. 3. The amorphous The kinetics of PbTiO 3 crystallization from a
feedstock particles were 20 nm in diameter, 0.33 molar feedstock suspension are shown at
equiaxed, and could be clearly distinguished from three temperatures in fig. 4. Qualitatively, the
the product PbTiO 3 particles, which crystallized crystallization process may be divided into three
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VIM*~ OF.

4,

(a) 100_nm (b)

(C) P

Fig. 3. Examples of transmission electron micrographs of some typical particle samples extracted from a 0.33M feedstock at 225*C
as a function of reaction time: (a) 0%. Wb 37.6%, (c) 80.4%, and (d) 100% crystallinity.

distinct kinetic regimes. At relatively short reac- last, a second period of crystallization at a lower
tion times there is a temperature-dependent in- rate than during the intermediate regime. The
duction time with no measurable crystallization transition between the two periods of crystalliza-
taking place, followed by an initial period of
rapid crystallization at intermediate times, and,

Table I N

Crystallite sizes and specific surface areas for the PbTiO, U) 861
particles hydrothermally synthesized at 225*C to 100% crys- c eO[ 2
tallinity as a function of feedstock concentration 04 3

Feedstock Crystalfle size specific Z 00
concentration (length /diameter) surface area F .~r
(mol/li (nm) (m2 /g) I

1.00 750/220 7.8 L -,00 0.002.00
(150 560/160 13 TIME (seconds)
0.33 280/90 22 Fig. 4. Fractional PbTiO, crvstallinity as a function of time for
0.10 70/20 33 0.33M feedstocks hydrothermally treated at 225. 235. and

I Estimated from TEM photomicrographs. 250'C.
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Lion occurred at approximately 30-40% crys- where f is the fraction crystallized isothermally
tallinity for all temperatures. at time t, r is a constant that partially depends

In order to gain further insight into the factors on nucleation frequency and rate of grain growth,
controlling the hydrothermal formation of crys- and m is a constant that varies with the system
talline PbTiO., the rate data in fig. 4 were ana- geometry. Hancock and Sharp have shown that
lyzed according to the generalized solid-state ki- for reactions obeying a single theoretical rate
netic treatment of Hancock and Sharp [14]. This expression, plots of -in In(1 -f) against in(t)
method was originally applied to isothermal over f = 0.15-0.50 yield approximately straight
solid-state transformations such as the dehydrox- lines with slopes m having a value falling within a
ylation of brucite [14] and has also been success- range characteristic of three distinct reaction
fully applied to more complex heterogeneous re- mechanisms. When m = 0.54-0.62, a diffusion
action sequences in both oxide [151 and non-oxide controlled mechanism is indicated, while a zero-
[16] systems. Care must be exercised, however, to order, first-order, or phase boundi1ry controlled
ensure that a literal interpretation is not assigned mechanism is indicated for m = 1.0-1.24. A
to the rate constants or rate laws determined in mechanism involving nucleation and growth con-
this way from the simple regression analyses. trol is indicated when m = 2.0-3.0. Values of in
Even when precise statistical data sets are avail- lying outside the specified ranges have no obvious
able, best-fit rate constants obtained from regres- mechanistic interpretation, but can sometimes be
sion analyses can be substantially in error (17]. indicative of competing processes [14]. The vari-
Despite these reservations, careful application of ous standard solid-state reaction rate equations
simple kinetic treatments is often helpful in de- and associated values of m are summarized in
veloping a qualitative understanding of the domi- table 2. It is not possible to distinguish the most
nant processes in complex solid-state reaction appropriate rate law within a given group solely
systems, particularly when corroborated by mi- on the basis of the value of m. Instead, the
crostructural evidence and other data. individual rate laws must be tested and compared

Recognizing these limitations, and considering over the complete conversion range [20].
only the solid-state nature of the transformation, In fig. 5, plots of -In In(1 -f) against In(t)
a kinetic analysis was applied based on the John- over f= 0.15-0.50 for the data in fig. 4 are pre-
son-Mehl-Avrami equation [18,19]: sented. For PbTiO3 crystallization at 225 and

235°C, it is shown in figs. 5a and 5b that the
f= I -exp( -r t ), (1) kinetics are described by a two-stage rate law. In
or, in lincar form, each case, the kinetics of the first stage are char-

acterized by a large m exponent (in > 5) followed
-in ln(I -f) = In(r) + m In(t), (2) by a sharp transition at f= 0.3-0.4 to a second

Table 2

Solid-state reaction rate equations (from ref. 1141)

Function Implied mechanism Equation m

D,(f) Diffusion controlled f2 - kt 0.62
D,(f) Diffusion controlled (I - f) In(I - f)+ f - kt 0.57
D,(f) Diffusion controlled (I -( - f )1/312- kt 0.54
D,(f) Diffusion controlled I - 21 /30 - f) - /3 0.57
F'(f) First order -ln(i - f)- kt 1.00
RW Phase boundary I -(I -- )i/2 k 1.11
R'(f) Phase boundary ! -(I - f)1/3 - kt 1.07
Z'(f) Zero order f - ki 1.24
A 2 (f) Nucleation and growth I - In(1 - f)]/2 - ki 2.00
A,(f) Nucleation and growth [ - in(] - f)113J -kt 3.00
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0.0 cannot be simply described by any of the ten
m=0. standard solid-state reaction rate equations.

On the other hand, the in exponent of the
Isecond-stage crystallization in figs. 5a and 5b.
. -1.0 along with the single in value of fig. 5c (in = 1.22,

m0.80, and 1.00, respectively), suggest a reaction.1.5 an = 8.83 fmechanism best described in terms of zero-order,
-=.0 I ...... . first-order, or phase boundary controlled rate ex-

7.0 7.5 8.0 3.5 9.0 9.5 pressions. Consequently, the rate expressions for
in(t) zero-order, first-order and phase boundary con-

trolled mechanisms were tested over the second-
0.0 stage crystallization ranges indicated by the in05M .0 values of fig. 5. The first-order and phase bound-•m a 0.80 ary controlled rate equations gave poor fits of the

raw kinetic data when continued to completeE crystallization (f= 1.0). In accordance with a

-1.5 m5.11 zero-order rate law, however, fig. 4 shows that
the second-stage (f > 0.3-0.4) plots of f against t-0 ... . . . b) fer PbTiO3 crystallization at 225 and 2350C are in

7.0 7.5 8.0 8.5 9.0 9.5 fact linear. Fig. 4 indicates that the PbTiO 3 crys-
In (t) tallization kinetics at 250"C are also linear for

0.0 f > 0.3-0.4. Over the specified crystallization
ranges, therefore, the zero-order rate expression

-0.5 is most appropriate to describe the apparent crys-
tallization kinetics. In fig. 4, the slight nonlinear-

.ity in the crystallization kinetics at 250°C for-10 f < 0.3-0.4 is contrary to the expectation from fig.

1.5 5c that only a single rate expression should be

() obeyed. However, it is likely that the crystalliza-
-2.0 ----- tion kinetics at 250*C also conform to a two-stage

7.0 7.5 8.0 8.5 9.0 9.5 rate law, but that first-stage crystallization was
in (t) not detected due to the rapid initial rates at the

Fig. 5. Plots based on the Johnson-MehI-Avrami analyses of higher temperature.
the kinetic dta from fi. 4An Arrhenius plot for the hydrothermal

PbTiO 3 formation reaction is given in fig. 6.
stage characterized by an Pi value close to unity. Using a method similar to that of Culfaz and
The Pi exponent for the first stage decreases Sand [21], the values plotted along the ordinate in
rapidly with increasing temperature, so that for fig. 6 represent the instantaneous rate deter-
crystallization. at 250"C, the first stage is not obvi- mined at 50% crystallinity. This method was cho-
ous and the kinetics may apparently be described sen because it makes no assumption regarding
in terms of a single rate law, as shown in fig. 5c. the underlying reaction mechanisms and associ-

In figs. 5a and 5b, the i exponent of the first ated rate laws. Even in the crystallization regime
stage (m - 8.83 and 5.11, respectively) reflects where the reaction is apparently isokinetic (i.e.,
the initial period of rapid crystallization in the f > 0.4), the rate data were used in preference to
early portions of the corresponding curves of fig. rate constants in constructing the plot because
4. Comparison of these m exponents with the the error in the zero-order fits, as well as the
theoretical values presented in table 2 shows that extent to which the initial rapid crystallization at
the kinetics of the initial stage of crystallization various temperatures affects the subsequent
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.5.4 ing feedstock concentration. Such a result is not
supported by a classical nucleation and growth
model, which would predict higher supersatura-

E. 37.2 kcalnc. tion conditions and smaller particles at higher
- feedstock concentrations [111

Alternatively, the generation of reacting
.S.7 species by the process generally known as precipi-

tation from homogeneous solution (PFHS) [26-
.5.3 28] is often observed in systems where tempera-

ture is used to thermally decompose precursor
.9. L 7-,actants [24-271. It is generally acknowledged
1.90 1.95 2.00 L.0S that a major limitation in the PFHS reaction

scheme is that relatively low concentrations of
Vr ot 1000 (11K) precursor species must be used to avoid continu-

Fig. 6. Arrhenius plot for the hydrothermally crystallized ous nucleation throughout the particle formation
PbTiOl. The apparent activation energy for hydrothermal process. In the current work, the microstructural

crystallization of PbTiO1 from the plot is 7.2 kcal/mol. data strongly support the contention that PFHS is

taking place in the Pb-Ti-H 2 0 system under
zero-order rate, is uncertain. The apparent acti- hydrothermal conditions. However, in this sys-
vation energy obtained in this way is 7.2 kcal/mol. tem, a sparingly soluble precursor hydrous oxide

was used to generate the reacting species. Under
3.3. Mechanistic interpretation these conditions, a high yield of product powder

is potentially attainable using relatively concen-
The microstructural and kinetic data pre- trated precursor suspensions. Furthermore, the

sented above provide some insight into the mech- high concentration of feedstock is not expected to
anism of the hydrothermal formation of crys- compromise the generation of nuclei as it does in
talline PbTiO1. Based on the microstructural data classical PFHS because the reservoir of nutrient
of fig. 3, a mechanism involving a liquid assisted stored in the solid precursor does not influence
solid-state transformation [22-24) is deemed un- solution factors such as supersaturation and ionic
likely. The crystalline material in the micrographs strength.
of Fig. 3 does not appear to have grown out of Consequently, with reference to the schematic
the amorphous precursor. Furthermore, at no solubility curves shown in fig. 7, it is proposed
stage in the crystallization is there any evidence that as the hydrothermal temperature is in-
of partially or poorly crystalline material, as would creased, the dissolution of the precursor hydrous
be expected during the progress of a solid-state oxides dictates the supersaturation (S12) at which
transformation. Similarly, the morphologies of the PbTiO 3 crystallizes. Assuming normal solubility
particles in the micrographs of fig. 3 would not be behavior, this is consistent with the temperature-
expected for a material precipitated via a classical dependent induction time observed in the kinetic
nucleation and growth mechanism [11,121. The data of fig. 4. When the hydrothermal tempera-
particles are seen to be nearly the same size with ture is increased to the range where the solubility
similar acicular morphologies. A larger size distri- of the precursor hydroks oxide (SP) is greater
bution is expected if particles are precipitated than that of the anhydrous oxide (Spi), crystal-
from a heterogeneous, locally supersaturated so- lization of the latter will take place with the
lution [11). In contrast, a narrow size distribution nutrient precursor material acting as a reservoir
is more typical of particles precipitated from ho- for the precipitating species. If the particle growth
mogeneous solution [25-281. Moreover, the parti- is not topotactic with the precursor particles, then
cle size and surface area data of table I show that nucleation of the PbTiO, is required. It is be-
the averagc particlc sizc dccrcascs with decreas- lieved that this corresponds to the rapid, first-
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When the nutrient is depleted to the point where
this is no longer possible, the crystallization might

be expected to end abruptly, with little premoni-
tory diminution of the crystallization rate as 100%
crystallinity is approached.

PRECUR R

S ' S12
SPU 4. Summary

0 Crystalline, nanometer sized PbTiO particles
TjT 2  were synthesized under autogenous hydrothermal

TEMPERATURE conditions at temperatures in the range of 225-
Fig. 7. Reaction scheme proposed for the hydrothermal crys- 2500C and feedstock concentrations of 0.1-1.0
tallization of PbTiO,. It is proposed that the difference in molar. Under these conditions, the product parti-
solubility of the precursor hydrous oxide anJ the product cles crystallized with a relatively uniform acicular
material. PbTiO,. at the hydrothermal reaction temperature morphology. In contrast to expectations based on
provides the driving force or ,upersaturation. S1z. necessary classical nucleation and growth models, the parti-
to nucleate and grow PbTiO1 particles via precipitation fromhomogeneous solution. cle size was found to increase at higher feedstock

concentrations. A simple solid-state analysis of
the crystallization rate data showed that the ki-

stage crystallization. As might be expected for a netics could be characterized by three regimes
such a complex dissolution-recrystallization proc- corresponding to a temperature-dependent in-
ess, the m exponents for this stage of crystalliza- duction period, an initial period of rapid crystal-
tion (fig. 5) did not correspond to any of the lization, and a second period of crystallization
theoretical values for the standard solid-state re- obeying a zero-order rate law. To account for
action rate equations (table 2). these observations, a particle formation mecha-

Once sufficient nuclei are formed, as dictated nism was proposed wherein an anhydrous oxide
by the relative supersaturation at a particular leading to the perovskite phase is precipitated
temperature, growth will commence. It is be- from a homogeneous solution, the supersatura-
lieved that this corresponds to the sharp transi- tion condition of which is dictated by the solubil-
tion to a second-stage crystallization at f 0.3- ity of a sparingly soluble amorphous hydrous ox-
0.4 a.s observed in fig. 5. Wilh the dissoltilion of a ide precursor. It is suggested that this reaction
precursor solid providing the nutrient for the scheme may be uselul in preparing uniform,
ultimate crystalline phase, uniformly shaped, monosized particles of complex oxides from high
nearly monosized particles are produced, pro- concentrations of nutrient and at high yields.
vided that the dissolution or decomposition of the
precursor material is the rate-limiting step. The
zero-order kinetic dependence of the second- Acknowledgment
stage crystallization is consistent with this re- The authors would like to thank Dr. C.A.
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